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PREFACE 


In the introduction to his book ^‘Kolloidik,”^ A, v. Buz4gh 
remarks that colloids or colloidal phenomena can more aptly 
be called ‘Hhe world of dimensions we may no longer neglect” 
than ‘Hhe world of neglected dimensions,” as Wo. Ostwald 
titled his pioneer book on colloid chemistry, first published in 
1916.* Two decades have brought about a development in our 
understanding of these phenomena unrivaled by any other 
development of a new branch of natural science. Special 
cognizance is merited when we realize that this growth was 
badly handicapped, since it took place during the same period 
when physicochemistry was prevalent and prejudicial to any¬ 
thing that could not be explained on the basis of its dogmatic 
teaching. 

It required men of courage, convinced.by their experimental 
results, endowed with a keen sense of observation, and capable 
of sound logical reasoning, to free themselves from conventional 
viewpoints and establish entirely new lines of thought. Men 
of this mold were needed to overcome the obstacles resulting 
from unsuccessful attempts to force the newly discovered facts 
into the too narrow limits of existing theories. 

The study of colloidal phenomena has been and still is largely 
an experimental science. The great number of variables influ¬ 
encing the properties and behavior of colloidal systems, as com¬ 
pared with other scientific systems, makes it extremely difficult 
to formulate theories of a general nature. However, it would 
be suicidal, scientifically, to abandon further attempts to obtain 
a more profound knowledge of the happenings in this ultra¬ 
microcosmos simply because we cannot always describe and 
predict reactions in rigid mathematical terms as we have been 
used to doing in other exact sciences. Nor should it be inferred 
that the science of colloids may not be considered a member of 

' Published by T. Steinkopfi, Dresden, 1936. English translation, 
‘^Colloid Systems,” Technical Press Ltd., London, 1937. 

*”Die Welt der vemachlaessigten Dimensionen,” 10th ed., 1927, T. 
Steinkopfi, Dresden. (Translated into English by M. H. Fischer, John 
Wiley & Sons, Inc., New York, 1922.) 
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the exact sciences, although such intimations have been fre¬ 
quently made.^ On the contrary, this proves only that we are 
not yet sufficiently advanced in the mathematical handling of 
reactions that are influenced by a large number of independent 
factors. Likewise, that is the reason why the most important 
developments in colloidal research are based on purely sound 
logical deductions and interpretation of experimental facts, and 
why theories, if formulated at all, never go far beyond the 
experimentally established facts. 

This probing into the unknowm, defeating unforeseen obstacles, 
piecing together individual observations and experimental data 
to reach a logical new point of view, is w'hat makes the study of 
colloidal phenomena so fascinating and absorbing. 

But it would be carrying coals to Newcastle to write this book 
as a kind of scientific propaganda of the subject. Those days 
have passed when the science of colloids was still in need of 
recognition. Its importance is now fuUy recognized and estab¬ 
lished in practically every branch of natural science. 

Nor is it the author's intention to offer another textbook on 
colloidal chemistry, since a sufficient number already exist. ^ 
What he has set out to do and hopes to accomplish by this 
book is to acquaint the reader in as simple a manner as possible 
with the modem viewpoints in colloidal science and to show 
where and why they must differ from those so successfully 
applied in physicochemistry. It is further hoped that such 
discussions may be helpful in eliminating the belief, still pre¬ 
valent in some circles, that the science of colloids must be 
considered either as a development entirely independent of any 
other branch of known science or that colloidal phenomena must 
be fully explained in accordance with laws of classical chemistry 
or physics. If the author is able to achieve this goal, then it 
should logically follow that colloids as a result of their amazing 
development can no longer be treated as a negligible side issue 
and that they consequently not only deserve but demand indi¬ 
vidual treatment. 

The science of colloids or the study of colloidal phenomena is a 
necessary amendment to physicochemistry, a bridge between 

1 See, e,g., J. Lobib, *'Die Eiweisskoerper,” p. Ill, Berlin, 1924; “Proteins 
and the Theory of Colloidal Behavior,” McGraw-Hill Book Company, Inc., 
New York, 1926. 
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the study of invisible building units of matter—^the actual domain 
of physicochemical studies—and microscopical dimensions. 
Therefore, the author has refrained from discussing purely 
chemical or physicochemical problems in detail in this book, as 
these can be studied in their appropriate textbooks. As the 
present book does not pretend to be a complete treatise on col¬ 
loids but rather more of an introduction or guide to some of our 
recent viewpoints, the incorporation of the author’s personal 
opinion is necessary to a greater extent than if he were merely 
to act as a chronologist in writing a formal textbook. 

It has been the author’s experience that the greatest advantage 
to the beginner wiU be derived from considerations of colloidal 
phenomena without the customary use of complicated mathe¬ 
matical formulas and their derivations. For the benefit of the 
more advanced student the essential mathematics has been 
summarized in the appendix, and all necessary references to the 
original papers have been given. 

The book is based on notes written by the author, which have 
been successfully used as text for regular classes in colloid 
chemistry and ph3rsics at the Massachusetts Institute of Tech¬ 
nology. These courses have proved that the average student 
comprehends a logical presentation of such a subject more 
readily than a mathematical treatment. Once the principles 
have been mastered, the student can easily follow the 
mathematics. 

Although being fully aware of the shortcomings of such a 
method, the author believes that they are more than compen¬ 
sated for by the stimulus gained in any type of research by 
introducing new trends of thought and reasoning. The author 
is not a disciple of the Ostwald school. However, the method of 
presentation in this book is closely related to its views, since with 
a fe.w essential differences, dictated by practical and teaching 
experience, the author’s approach toward an easy comprehension 
of the subject matter is very similar to that of Wo. Ostwald. 
With the permission of Wo. Ostwald and A. v. Buzdgh, the 
author therefore has drawn freely from their publications when 
he considered this advisable. 

In concluding, it may be well to explain the somewhat \mcon- 
ventional title. The customary term ‘'colloid chemistry” has 
long outlived its justification. In German literature, the term 
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KoUoidik^ has been introduced recently as a means of expressing 
in one word the chemistry and physics of colloids. Since the 
colloidal state of matter is mainly characterized by specific 
phenomena and since this book is primarily concerned with their 
discussion and interpretation, the title as chosen seems most 
descriptive of the purpose to which this book is dedicated. 

The author is indebted to Mr. J. E. Lynn for his help in 
checking some of the old texts, as well as for his assistance in 
the reading of the manuscript. 

Ernst A. Hauser. 

Cambridge, Mass., 

December^ 1938 . 


• Coined by K. Spiro. 
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COLLOIDAL PHENOMENA 

CHAPTER I 

THE SCIENCE OF COLLOIDS— 
HISTORICAL DEVELOPMENT 

It was L6mery in his book '^Cours de chimie/' published in 
1765, who was the first to distinguish clearly between inorganic 
and organic compounds. The fact that the latter compounds 
were found only in animal and plant life prompted the belief^ 
postulated by Berzelius, that the formation of organic compounds 
is the result of a special power —vis vitalis —^which is not at our 
disposal in the laboratories. In 1828, Woehler disproved this 
theory by his epoch-making synthesis of urea—a t 3 rpical product 
of secretion of animal organisms—^from cyanic acid and ammonia. ^ 
Shortly afterward, the synthesis of acetic acid was accomplished. 
The scope of synthetic organic chemistry, the development of 

1 There seems to be some uncertainty in the literature as to the actual 
procedure that F. Woehler followed in synthesudng urea. In his classical 
publication *‘On the Artificial Production of Urea” (trandated into English 
by the author), in Ann. Phys. Ckem.^ 12, 253 (1828), he states that 
the best results are obtained by decomposing silver—or preferably lead 
cyanate—^with ammonia water. However, in the introduction to this paper 
he refers to a previous publication, Ann. Phys. Chem.f 8, 177 (1825), 
being a reprint of a paper originally published in the Ahh. d. K. Akad. der. 
Wiss. zu Stockholmj H 11,271 (1824), with the title “On Cyano-compounds” 
(translated into En glis h by the author). In this publication, he already 
mentions the fact that the introduction of gaseous cyanogen into ammonia 
water results in the formation of (1) ammonium cyanide; (2) a dark-brown 
carbonlike substance, which so far has not been studied in very great 
detail; (3) ammonium oxalate; (4) a peculiar crystallized, substance which 
does not seem to be ammonium cyanate. This substance can be produced 
in a purer form if lead or silver cyanate is decomposed by ammonia. There 
can be no doubt, therefore, that Woehler obtained urea for the first time by 
introducing gaseous cyanogen into ammonia. The other, admittedly more 
satisfactory, reactions were discovered by him somewhat later. 

1 
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large-scale manufacture of dyestuffs, etc., on the basis of labora¬ 
tory discoveries are the direct result of Woehler’s work. 

There was no need to discover colloids. Long before Thomas 
Graham published the results of his systematic researches on 
difftision and coined the most important terms in the vocabulary 
of the colloid chemist or physicist, their existence was known, and 
many of their properties were recognized. Therefore, in contradis¬ 
tinction to the organic chemist, who started out on entirely new 
ventures, the colloid chemist or ph 3 rsicist's task is to interpret 
existing phenomena and by correlating the findings in other fields 
to increase our knowledge of the world, whose dimensions have 
been overlooked for so long. 

We know that the Chinese used gelatin or an equivalent as a 
protective agent in the manufacture of ink. The Egyptian.** 
made use of acacia gum (gum arabic) for the same purpose. Glue 
as an adhesive for veneer was likewise used by the Egyptians. 
The dispersive action of straw extract on clay slips was known to 
Jewish masons prior to their exodus from Egypt. But these are 
only a few random examples in the literature of the past. 

The drinkable gold (aurum potdbile) and other similar metal 
solutions produced by the alchemists during the Middle Ages arc 
t 3 rpical examples of colloidal systems. We know today that the 
tremendous healing power of these medicaments is a result of tiu* 
extreme comminution in which the elements are present. Their 
production by reducing gold chloride solutions in the presence of 
protecting agents, as, for example, ethereal oils, is quite analogous* 
to the methods used today in making gold sols. Back in 1595. 
Andreas libeau described in his *‘Alchemia'’ the use of gold 
solutions in the manufacture of red ^ass. The interesting fact 
was that, contrary to other coloring methods then known, the 
color was homogeneously distributed throughout the glass, com¬ 
parable to natural rubies. This is presumably the first referent*** 
to what is known today as gold-ruby-glass, a distribution of 
colloidal gold in the glass flux.^ 

These alchemistic preparations are discussed for the first timw 
by the French chemist Macquer in his book “Dictiomxaiie de 
chymie,” Paris, 1774, wherein he voices the opinion, which, how¬ 
ever, he does not prove, that we are dealing here with extremely 
fine comminuted particles of the actual metal and not with true 

1 For more detailed references see A Oobnbto, KM. ZtiL, 12, 1 (1918). 
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solutions* The term drinkable^" only gives vivid description 
to the fluidity of these preparations. Several years after, in 
1779, T. Bergmann^ mentions the fact that precipitates from 
sodium silicate solutions formed upon the addition of acids can 
be retained in suspension for practically indefinite periods, pro¬ 
vided they are appropriately diluted. Unquestionably, he had 
produced colloidal silicic acid. The production of colloidal gold 
in situ in the dyeing of silk can be traced back to at least 1794. ^ 

Robert Brown, the English botanist, discovered, in 1827, that 
extremely small particles when suspended in a liquid perform a 
chaotic, 2 dgzag movement seemingly never ceasing and unin¬ 
fluenced by any factor outside the system.* This movement, 
which later was termed ‘^Brownian movement^' and still later 
‘^Brownian molecular motion,’^ has become one of the most 
important phenomena in the study of ^'colloidal solutions. 

In 1843, the Swedish chemist Berzelius describes arsenium 
trisulphide solutions of different color shading. From his experi¬ 
ments he deducted that he was not dealing with a true solution 
but that the arsenium trisulphide must be present in the form of 
transparent discrete particles. The German chemist Dr. F. M. 
Ascherson^ investigated the formation of oil emulsions in water in 
the presence of traces of albumin. During the year 1838, he 
discovered by means of a special microscopic technique, which 
can be considered as a forerunner of the ultramicroscope, that the 
albumin coats the oil droplets. The protective film thus produced 
was termed the ‘^haptogen membrane.” 

Alexandre Baudrimont® devotes in his General Treatise of 
Chemistry” (1844-1846) for the first time a special chapter to a 
group of compositions that he terms ‘‘particular substances.” 
The substances that he is referring to are today all well-recog¬ 
nized colloids. 

1 See P. Waldbn, KoU. Zeit., 6 , 233 (1910). 

* J. Albxandbr, Colloid Chemistiy,'' 4tli D. Van Nostrand Com¬ 
pany, Inc., New York, 1937. 

Mag., 4 (1), 101 (1828),* 6,161 (1829); 8, 41 (1830). 

< From a reprint of the original paper to be foimd on p. 13, in **The 
Foundations of Colloid Chemistry, Selections of Early Papers Bea^g on 
the Subject,^' edited by Emil Hatschek, Ernest Benn, Ltd., London, 1925. 

• *^Trait4 de chimie g4n4rale et exp6rimentale,” voL I, p. 82; vol. II, 
p. 842-850, Paris, 1844-1846. See also P. Baby. *'Les origines de la chimie 
coUoidale: A. Baudi^ont,” Paris, 1928. 
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At about the same time, the Italian chemist Francesco Selmi, of 
Bologna, published two papers of exceptional importance. The 
firsts dealing with the demxilsion of silver chloride refers to col¬ 
loidal silver chloride sols. The second paper entitled ‘^Pseudo- 
solution of Prussian Blue and of the Influence of Salts in 
Destro 3 dng Them”^ is of importance in so far as he clearly dif¬ 
ferentiates in this publication for the first time between “solu¬ 
tions'' and “pseudosolutions," the latter, such as Prussian blue, 
exhibiting particular properties.® This is followed by a publica¬ 
tion of Ascanio Sobrero and Francesco Selmi on the “Products of 
Decomposition of Sulphurated Hydrogen and Sulphurous Acid in 
Aqueous Solution." This paper was read at a meeting of the 
Academy of Sciences in Turin, on June 11, 1849.^ Selmi and his 
collaborators most certainly already had fully recognized the 
peculiar properties that matter exhibits under certain conditions, 
as can be gathered from a passage quoted from the paper last 
mentioned: 

. . , the state in which the sulfur exists can therefore be changed by the 
presence of substances in the medium in which it deposits. It retains 
these bodies very firmly, most presumably by simple adhesion; the 
sulfur may thus form an emulsion or aggregate in such a way that it 
does not further subdiride itself in water. The emulsifiable sulfur 
exhibits phenomena similar to those found with many other substances, 
which have the peculiar property of desintegrating in a liquid, without 
completely dissolving in it, as for example, soap, starch pastes, prussian 
blue, etc., about which one of us (F. Selmi) has already reported. These 
phenomena belong to a group which Mr. Selmi has well characterized 
and to which he has given the name of “pseudosolutions." It seems 
that the number of “pseudo-soluble" bodies is fairly large and iho 
organic bodies seem to us to be of exceptional interest from this point 
of view. . . , 

However, Selmi and his school did not probe further into these 
peculiarities, and as a consequence his contributions were soon 
forgotten. Other publications which seem to have been over¬ 
looked for a long time are the important contributions by Jerenuas 

1 Nuovi Ann, ad, not,, Bologna, 4, (2), 146 (1845). 

* Nitovi Ann, ad, nod,, Bologna, 8, 401 (1847). 

«See also I. Guarbschi, “The Pseudosolutions of P. Selmi," KtiU, Zeit., 
8, 113 (1911). 

* A. SoBRBRO and P. Sblmi, Ann. cfem. phya., 28, 210 (1850). 
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Benjamin Richter in regard to “pseudosolutions” of gold and 
gold purple.^ So far, the existence of discrete solid particles in 
such pseudosolutions was an assumption based solely on logical 
deductions of the experimenter. The actual proof of their exist¬ 
ence must be credited to Michael Faraday. In a paper entitled 
“Experimental Relations of Gold (and Other Metals) to light,”* 
he discusses the preparation of what we today know to be colloidal 
gold. He obtained this by adding to a gold chloride solution a 
few drops of phosphorus dissolved in sulphide of carbon. This 
results in a reduction to elementary gold, giving the liquid the 
typical red color. Faraday points out that an excess of sulphide 
and phosphorus causes a clotting of the gold, which then sinks to 
the bottom. He then describes in the same publication that the 
heterogeneity of the seemingly clear liquid can be demonstrated 
by passing a concentrated beam of light through the solution, the 
latter preferably placed in a con- ^ 
tainer with plain ■'parallel glass I \ J . 
walls. Whereas in the case of 
pure solutions like water, or the 
solution of salts, the entire liquid 

at best is uniformly brightened, i._Faraday-TyndaU eone. 

the beam becomes clearly visi- LS^ light source; if, optical lens; O, 

ble in the form of a cone in cases .f'?? 

lignt cone. 

where discrete particles are dis¬ 
tributed in the liquid (Fig. 1). All of us have experienced this 
phenomenon again and again when a streak of sunhght passes 
through a drawn window shade or when the projection machine in 
a darkened cinema begins to throw the picture on the screen. 

The reason for this phenomenon is explained by the fact that 
the millions of dust particles suspended in the air or the milhons 
of discrete solid particles suspended in what Selmi termed pseudo¬ 
solutions scatter and reflect the impinging light. Their extreme 
smallness, their great number per unit area of space, which is 
S3nionymous with exceedingly short distances from one to the 
other, and the weak intensity of the light reflected by an indi¬ 
vidual particle make the differentiation of a single particle impos- 

1 See WiLH. OsTWALD, KoU. Zeit., 4, 6 (1909). 

^PhU. Trans. Boy. floe., 147, 146 (IBBT); PhU, Mag.f 14, (4) 402 (1857); 
Proc. Roy. Inst, 2, 310, 444 (1854^1858). See also R. Zsigmondy, ‘‘Col¬ 
loids and the Ultramicrosoope,” John Wfley & Sons, Inc., New York, 1909. 
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sible for the naked eye. What we see is the siun of these 
innumerable reflections. A few years later, another English 
physicist, Sir John Tyndall,^ made use of this discovery in a 
systematic study of liquids, as well as of gases, containing 
extremely minute particles in suspension. The phenomenon has 
since been known as the Faraday-Tyndall phenomenon, and the 
light cone made visible in such systems is generally referred to as 
the '‘Tyndall cone.^^ 

Although not directly connected with the study of pseudo¬ 
solutions or the like, reference must here be made from the stand¬ 
point of chronology to observations generally attributed to 
Quincke, because of their bearing on the electric properties of 
colloids. He found that fine particles suspended in a liquid will 
migrate in an electric field, a phenomenon today known as " cata- 
phoresis,’' and that, when a stationary membrane containing 
many capillaries or pores is placed in a container, the water will 
migrate from one side to the other in the electric field (electro- 
endosmosis). He also found that, if a liquid is forced through a 
porous membrane or a capillary, a potential difference is set up 
between the opposite sides of the membrane. * The phenomenon 
of endosmosis, as well as that of cataphoresis, had previously 
been reported in research on clay suspensions by F. Reuss in 
1809* but was seemingly forgotten. 

Graham’s Work,—^Many principles of colloids were known and 
applied for many centuries, but it was Thomas Graham, F.R.S.» 
who laid the scientific foundation of colloid chemistry. Graham 
discusses the characteristics of colloids and the colloidal condition 
of matter and offers at the same time a great part of the nomen¬ 
clature still in use today. He published two papers,^ the first of 
which must be regarded as the actual cornerstone of systematic 
colloidal research. In those days, Graham was particularly 
interested in studying the diffusive power of liquids, his purpose 
being to establish differences comparable to the various degrees 

1 Pfoc. Roy, Soc., 17, 223 (1838). We owe to Tyndall the discovery that 
the reflected light is plane polarized. 

* Ann. Phya. Chem., 118, 613 (1861); Pogg. Aim, Pkys., 107, 1 (1869); 
110, 38 (1860). 

’ Mem, Soc, Imp, Nat, Moacow, 2, 237 (1809). 

* '^Liquid Diffusion Applied to Analysis,” PhiL Trana. Roy, Soc,j 151, 
Part I, 183-224 (1861); the Properties of ^cic Acid and Other 
Analogous Colloidal Substances,” Proc, Roy, Soc,, 18, 336 (1864). 
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of volatility. In his publication, Graham states: ^^The range 
also in the degree of diffusive mobility exhibited by different sub¬ 
stances appears to be as wide as the scale of vapor tensions. ” By 
studying a great number of substances in regard to their dif- 
fusivity, he originally drew a distinction between substances that 
he classified as ^'volatile” and as ‘‘fixed.’’ The respective 
passage of Graham’s paper reads: 

The comparatively “fixed” class, as regards diffusion, is represented 
by a different order of chemical substances, marked out by the absence 
of the power to crystallize, which are slow in the extreme. Among the 
latter are hydrated silicic acid, hydrated alumina and other metallic 
peroxides ofvthe aluminous class, when they exist in the soluble form; 
with starch, dextrin, and the gums, caramel, tannin, albumen, gelatine, 
vegetable and animal extractive matters. Low diffusibility is not the 
only property which the bodies last enumerated possess in common. 
They are distinguished by the gelatinous character of their hydrates. 
Although often largely soluble in water, they are held in solution by a 
most feeble force. They appear singularly inert in the capacity of the 
acids and bases, and in all the ordinary chemical relations. But, on the 
other hand, their peculiar physical aggregation with the chemical indiffer¬ 
ence referred to appears to be required in substances that can intervene 
in the organic processes of life. The plastic elements of the animal body 
are found in this class. As gelatine appears to be* its type, it is pro¬ 
posed to designate substances of the class as colloids, and to speak of 
their peculiar form of aggregation as the colloidal condition of matter. 
Opposed to the colloidal is the crystalline condition. Substances 
affecting the latter form will be classed as crystalloids, . . . 

The term “colloid” is taken from the Greek expressions #c6XXa 
{koUa) meaning glue and dbos {eidos) meaning like. In the 
literature following Graham’s first publications, one frequently 
fimds statements to the effect that he was of the opinion that 
certain substances are colloids and others crystalloids. Such 
assumption seems unjustified in the light of certain passages in 
his first paper, as for example: 

The solution of hydrated silicic add, for instance, is easily obtained 
in a state of piirity, but it cannot be preserved. It may remain fluid 
for days or weeks in a sealed tube, but is sure to gelatinize and become 
insoluble at Iwt. Nor does the change of this colloid appear to stop 
at that point, for the mineral forms of silicic acid deposited from water, 
such as flint, are often found to have passed during the geological ages 
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of their existence from the vitreous or colloidal into the crystalline 
condition. (H. Eose.) 

As a method of separation by diffusion, Graham used a parch¬ 
ment membrane and termed the process dialysis (taken from the 
Greek expression for ‘‘to dissolve throughAlthough, as we 
shall see, today’s definition for colloids had to be amended mate¬ 
rially over Graham’s original one, at least he certainly had. an 
amazingly clear vision of the formation of matter in the colloidal 
state. This is demonstrated by another passage from Graham’s 
first publication (page 221). It reads: 

The inquiry suggests itself whether the colloid molecule may not 
constituted by the grouping together of a number of smaller crystalloid 
molecules and whether the basis of coUoidality may not really be this 
composite character of the molecule. . . . 

And it becomes even more evident from the following passages 
taken from his second paper: 

A dominating quality of colloids is the tendency of their particles to 
adhere, aggregate, and contract. This idio-attraction is obvious in the 
gradual thickening of the liquid and when it advances leads to pectiza- 
tion.^ . • . Bearing in mind, that the colloidal phasis of matter is the 
result of a peculiar attraction and aggregation of molecules, properties 
never entirely absent from matter, but greatly more developed in some 
substances than in others, it is not surprising that colloidal characters 
spread on both sides into the liquid and solid conditions. . • . 

The Pioneer Work of Others—In the years following Graham’s 
first discussion of colloids and the methods of their preparation, 
almost all the work reported is concerned with the production of 
a great number of colloidal preparations. Special reference 
should be made to the work of men like G. Bredig, A. Coehn, 
H. Schulze, Spring, Winssinger, Ebell, 0. Loew, Muthmann, 
Lobry de Bruyn, Zsigmondy, Lottermoser, and many others.^ 
One of the most comprehensive and important papers of this 
period is a contribution by M. Carey Lea, “On Allotropic Forms 

1 PecUzation is Graham's term for what today is Imown as gelling. 

* A detailed and fairly complete reference to these publications can be 
taken from R. Zsigmondy, Colloids and the Ultramicroscope,” John 
Wiley & Sons, Inc., New York, 1909. 
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of Silver/^^ This paper reaches the conclusion already indicated 
by its title that silver is capable of existing in allotropic forms 
possessing qualities differing greatly from those of normal silver. 
Carey Lea makes the following statement: 

These allotropic forms of silver are broadly distmguished from normal 
silver by color, by properties and by chemical reactions. They not 
improbably represent a more active condition of silver, of which common 
or normal silver may be a polimerized form. Something analogous 
has already been observed with other metals, lead, copper. . . • 

In his paper, Carey Lea criticizes the assumption of previous 
research workers, as, for example, Faraday, Newbury, Muth- 
mann, and others, who consider such silver or other metal-con¬ 
taining liquids as suspensions of solid silver present in extremely 
fine comminution. Although Carey Lea's work was, as we shall 
see, considered outstanding in its days, the objective chronologist 
will undoubtedly credit Wilhelm Muthmann as being the first to 
discuss properties and preparations of colloidal silver. The 
respective paper carries the title ^^The Question of the Silver 
Suboxide Compounds."^ In this paper, we find a statement of 
historical interest to the colloid chemist. Having discussed the 
effect of charcoal on a highly colored silver suboxide solution and 
pointed out that adsorption of crystallizing substances by char¬ 
coal was known to him, Muthmann says: 

Still, the experiments quoted appear to me to prove that the red color 
is caused by metallic silver. Nevertheless the phenomenon, which is of 
great interest m any case, was further investigated by submitting a 
quantity of the red solution to dialysis. 

As was to be expected, no trace of the red substance passed through 
the membrane, but fairly considerable quantities of normal salt and of 
ammonia. . . . The remaining red liquid after filtration still showed an 
intense red color and the same properties as th^ original solution. . . • 
All together the solution thus freed from foreign admixtures had become 
much more stable if the expression is permissible. After standing for 
four months in a closed vessel in a warm place; it has not deposited any 
metallic silver.* . . . That the color is caused by a body suspended 

1 Am. J. Sc., 87, 476 (1889); 88, 47, 129, 237, 241 (1889); 41, 179 (1891). 

*Ber„ 20, 983 (1887). 

3 This is the first known reference to the application of dialysis to a metal 
sol. (The author.) 
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snd not dissolved in the liquid is proved farther by the following 
experiments. . . . 

An attempt to explain adequately these peculiar phenomena would 
seem premature. W. Stein {J. prakt. Chm., 2, 6, 172) who considers 
the so-called gold purple to be finely divided metal, ascribes the dif¬ 
ferences between these modifications and the so-called dickroiMc gold 
to a smaller size of the molecules; and it is not impossible that the 
various modifications of silver observed by me correspond to various 
molecular states. . . . 

The ^^Hetero geneous” Theory.—^As mentioned, these papers 
were chiefly concerned ■mtE'aT'clescription and discussion of the 
production or preparation of colloidal solutions. If conadered 
at all, references to the condition of the compound distributed 
in the liquid S 3 rstem must be conadered as speculations or assump¬ 
tions based on not too strong experimental evidence or theoretical 
deductions. The first paper specifically directed toward a final 
deciaon as to the actual nature of colloidal solutions was pub¬ 
lished by Carl Barns and E. A. Schnader, in 1891, with the title 
“Ueber die Natur der kolloidalen Loesungen” (On the Nature 
of Colloidal Solutions).* This paper> which emphatically dis- 
agre ff wit h Jih e assump tion tna? we are dealing with allotrooic 
moSSfi^tions of the substance m ^lieitim when ^cusa ng~ciS - 
I bidST soiatiiona, must be considered as.a turning point in the 
deveJbpment of colloid chemistry and as the start of one of the 
most persistent debates in the science of colloids. As the result 
of very thorough experimental efforts and detailed theo¬ 
retical argumentations, the authors assume, in comparing 
the properties of the colloidal silver solutions and those of clay 
suspensions, as weU as on the basis of other experimental facts, 
that sufficient evidence is now available to prove that the silver 
m present in a fine state of subdivision. Colloidal solutions can 
M considered as true suspensions in which sedimentation is 
governed by the well-established mechanical laws for falling 
bodies. - 

The authors conclude their paper with the following statement: 

Summing up all facts we feel entitled to conclude that the iuwiiTtiptifm 
that c olloidal si lver conti^^f «ctremely finely comminuted rMti'tinles 
noimat saver, which due to tke viBCostty ot tne solvent are MuyaUptly 

■- Zeit. physikal. Chm., 8, 278 (1891). 
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retained in suspension, is in no way contrary to the properties of col¬ 
loidal solutions: Since no nec^ty^sdsts^any; longer to. assume^an 
allotropic m olecider^isSBanler to adhere-to the normal molecide. The 
same holds good for colloidal solutions in general. . . . 

This paper constitutes the basic contribution for the hetero¬ 
geneous theory of the colloidal state. This attitude was further 
emphasized in later years by men Uke G. Bredig,^ Wernicke, ^ 
K. Stoeckl, L. Vanino, A. Coehn, and others. 

The ‘‘Allotropic,” or “Solution,” Theory.—^Those who favored 
the allotropic theory found their platform in a series of papers 
by Harold Hcton and by H. Picton and S. Ernest linder.* 

In the summary to the second paper, which discusses the prep¬ 
aration of sulphide solutions of mercury, antimony, and arsenic, 
all revealing the presence of minute solid particles by TyndaU^s 
experiment, one finds the following important statement: 

.Arsenic sulphide is capable of existing in a state of suspension so 
perfect as to simulate the phenomenon of liquid diffusion, but yet 
revealing solid particles by Tyndall's experiment, it is easy to conceive 
of a case in which the process of subdivision has gone still further, and 
Tyndall's expeiiment is no longer adequate to discover the suspended 
particles. Passing on from this, tb^re seems no eatjsfftctn ^ reason for 
ima gbnng the existence of any sharp b oundary betw;een solution and 
is quite po^biethat the one merg^ by imper¬ 
ceptible gradations into the other. In this event, the vibr&tory motion 
of these minute particles, which so forcibly reminds one of molecular 
motion,^ becomes a phenomenon of special interest. . . . 

From the third paper, which criticizes the opinion of Wilh. 
Ostwald,* Patem6,® and Barus and Schneider^ that colloidal 

1 “Anorganische Fermente," Leipzig, 1901. 

> Wied. Ann., 52, 515 (1894). 

»S. E. Lindbr and H, IhcroN, ''Some Metallic Hydrosulphides," J. Ckem. 
Soc., 51 (Transactifms), 114 (1892). H. Picton, "The Physical Consti¬ 
tution of Some Sulphide Solutions," ibid,, p. 137. See particularly H. 
Picton and S. Ebnxst Linbiob, "Solution and Pseudosolution," ibid,, 
Part I, p. 148. 

4 The historical importance of this statement will become evident when 
discussing the Brownian molecular movement as first direct experimental 
proof for the kihefcic gas theory. (The author.) 

* "Lehrbuch. der Allgemeinen Chemie," 2d ed., voL 1, p. 527, Wilh. 
Engehnann, Leipzig (1891). 

•ZeU, physihat, Chem,, 4 , 457 (1889). 

^ ZeU, physikal, Chem,, 8, 278 (1891). 
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solutions are probably composed of very finely divided solids in 
the state of suspension, the following passages are quoted to 
express the opinion of these authors in the clearest way: 

It seems to us that in the preceding part of this paper we have made 
out at least a good prima facie case for the belief that between obvious 
suspension and ciystallizable solution there is no break in the series of 
grades of solution. We have seen that colloidal solution in many ways 
resembles liquid containing solid particles in suspension. We have 
seen that we can pass from solution in which these particles are visible 
under the microscope to those in which they are invisible, but indiffusi- 
ble, and thence to those invisible and diffusible. . . . Further up the 
series we find evidence, as in silicic acid, of colloids in a still finer state 
of subdivision, and giving no positive evidence of the presence of solid 
particles. , , . The electric evidence is also of great interest from the 
point of view of the general theory of solution.^ ... It may be that the 
aggregates in these solutions are in an electrified condition, but on this' 
subject it would be rash to dogmatize at present. . . . Throughout the 
above argument we have necessarily been assuming, what must now be 
fuUy stated, that these fine particles revealed by the luminous beam are 
simply large molecular aggregates, and retain many of their molecular 
prop^ies. As wholes they can enter into loose combination and as 
wholes they can attract each other vnth gradual formation of larger 
aggregates. • . . Enormous M juust in aU^probability be the number of 
mole^esjissociated^to form a visible ag^e^te^^yet. as the transition 
them to states of undbubiedlndleculw perfectly 

^c^tinuouspwri^.'" sw^y~ avoid the conclusion that this vibratory 
m^on is on § ^ the 'mdtecifiMn ^ by them^^and 

^ ’^t w£at^are here observing is simply molecular viB^t^onT On the 
other hand, might be conceived that mese osc^aiions w clue to the 
impacts of the liquid molecules. . . . Our main conclusion, therefore 
is that from first to last, from pseudosolution to crystalloidal s^uiaon 
we are conc erned w ith cbemical ag W M aslyitn pfi ysical forces and that 
tne ^ogress from the lower iotKe MgbcrtCTns oitEV^^ & 
named by increasing imeness of subdivision of the dissolved ma tter and 
by in creasing definiteness in the action ot tne chemical forces. . . . ' 

^ See^mingly unaware of the work of Quincke and others, the authors 
describe in their publication electrophoretic experiments. Not being able 
to detect actual particles and not finding any signs of particle aggravation 
but simply being able to assume some change in the system by a shift in 
color from one electrode to the other, they drew a dimt analogy to the 
ionic transfer in acidified water. (The author.) 
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The aMotropie or solution theory, as first summed up by Hcton 
and Linder, found further support in men like Schulze, Grimaux,^ 
G. Bruni, N. Pappadd, P. D. Zacharias, Calcar, Lobry de 
Bruyn,* Konowalow,* R. Zsigmondy,^ and many others. 
Although, when looked at from our present-day concept of 
colloidal phenomena, the argument resulting from these then 
seemingly incompatible opinions can easily be considered as value¬ 
less, it must be pointed out that on its decision depended what 
we may justifiably term today the basis for the modem concept 
of colloidal science. Are colloidal solutions heterogeneous or 
homogeneous in the general sense of these terms? Do colloidal 
solutions foUow the simple mechanics of ordinary suspensions, or 
are they governed by the fundamental laws of molecular or true 
solutions? These were the dominant questions at stake.' 

I The TJltiamicroscope—^Zsigmondy’s Work.—Some may think 
it an ironical fact that the man who was one of the most ardent 
'supporters of the solution theory, R. Zsigmondy, was also he who 
by pure logical reasoning and strict adherence to the tmth of 
'experimental evidence discovered experimental means to solve the 
problem to a large extent and prove the heterogeneity of colloidal 
solutions. No one can describe, better than himself, the reason¬ 
ing that led him, in collaboration with H. Siedentopf, to the 
'construction of the ultramicroscope* and to the first observations 
with the use of this new optical equipment^: 

Since these fluids [Zsigmondy is referring to colloidal gold solutions 
which he had prepared and systematically studied] showed, in general, 
the mutual properties, and could in practice be differentiated from each 
other only by their greater or lesser turbidity, I assumed that turbidity 

i<‘ColloideB” (Dictiomiaire de Wurtz), 2d supplement, voL 1, p. 1257, 
1894. 

* Rec. irav. <Mm. Pay»-Ba», 28, 218 (1904). 

*Zeit. physikai. Chem., 88, 63 (1900); DrudFs Ann. (Ann. Phys.), 10, 
360 (1903); 12,1160 (1903). 

* Liebigs Ann., 801, 53 (1898); Zeit. phynkdl. Chem., 88, 63 (1900); Zeii. 
Eldctrochem., 8, 684 (1902). A summary of bis opinions is published in 
Verh. deut. physOeal. Gee., 6 , 209 (1903); Kott. Zeii., 26,1 (1920). 

- * See also Wo. OsTWAin, KolL Zeii., 84,258 (1938). 

* DrudFe Ann. (Ann. Pkye.), 10, 1-39 (1903). H. SiODBinropl', J. Boy. 
Microec. Soc., 573 (1903). 

^ ZsTGuoNST, loe. oU. 
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is not an essential, but an incidental characteristic of colloidal gold 
solutions, occasioned by the presence of larger particles. . • . The 
addition of a minute quantity of the very turbid fluid to the perfectly 
clear one sufficed to endow the latter with the polarized dispersion of the 
former, as evidenced by means of the light cone; and this made evident 
how small a quantity of coarse gold particles is necessary to produce in a 
gold solution assumed to be homogeneous, the difluse dispersion 
referred to. ... 

It must be acknowledged, however, that although the facts above 
referred to were favorable to my view, they gave no evidence of the 
existence of an optically dear gold solution. I hoped to be able to And 
out the truth by microscopical examination of the cone of light. . . . 

The microscopical experiment actually proved that the dififer- 
ence in turbidity and color of gold sols is due to different sizes of 
the suspended particles. Zsigmondy says that this result, which 
contradicts the view earlier advanced by him, is of great signifi¬ 
cance in judging colloidal solutions in general. Based on the 
work of Faraday and T 3 mdall and the observations of Fizeau^ and 
Ambronn^ on the detectability of extremely narrow slits of light, 
he reasoned as follows: 

It seemed to me probable that the larger particles assumed to be 
present in gold hydrosols, whose previously mentioned property of dis¬ 
persing transmitted light was known to me by the above experiments, 
could be made individually perceptible by a microscopic examination of 
the light cone; for if the small particles reflected enough sunlight, even 
if their size was below the limit of microscopic resolvability, they would, 
just as were the narrow rays of light, be individually perceptible under 
the microscope and act to a certain extent as fragments of such light 
slits. The microscopical investigation should also allow me to deter¬ 
mine if the space between the coarser individual particles was optically 
dear or filled with smaller gold particles. 

As early as in April, 1900, Zsigmondy was able to perceive the 
presence of individual particles in solutions of glue, gelatin, 
tragacanth, gold, silver, etc., by using an apparatus as assembled 
in Kg. 2. The magnification was extremely small, about 32 X 
linear, and results obtained were not fully satisfactory.* Never- 

1 Pogg^ Ann. Phys., 116, 478 (1862). 

* Wied. Ann,y 48, 217 (1893). 

’ Side illumination and a magnification of 30 diameters had already been 
applied by Quincke in the microscopic study of starch grains. Pogg. Ann.^ 
Phys., 113, 568 (1861). 
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theless, the principle of the new method was established. This 
primitive instrument was now further improved and put on a 
sound optical basis in close collaboration with H. Siedentopf, the 
scientific adviser of the world-famous Carl Zeiss Works in Jena 
(Germany).^ 

Those who have had occasion to observe a colloidal gold solu¬ 
tion imder the ultramicroscope will appreciate the vivid descrip¬ 
tion of the phenomenon given by Zsigmondy in one of his lectmes 
shortly after his epoch-making discovery.* Having pointed out 
that large gold particles float quietly in the fluid and slowly sink 
to the bottom or else show only an unimportant Brownian move¬ 
ment and that, by considering colloidal solutions as suspensions, 



Fio. 2.—Zsigmondy’s original nltramicrosoope. St reflecting mirror; Lt col¬ 
lecting lens; /, preparation in focal point. 

one would naturally imagine that the gold particles in these, too, 
would be as quiet as those in the real suspensions, he added: 

How entirely erroneous was this idea! The small gold particles no 
longer float, they move—and that- with astonishing rapidity. A swarm 
of gnats in a sunbeam will give one an idea of the motion of the 

gold particles in the hydrosol of gold! They hop, dance, jump, dash 
together, and fly away from each other, so that it is difficult in the whirl 
to get one’s bearings. . . . 

» This motion gives an indication of the continuous mixing up of the 
fluid, and it lasts hours, weeks, months, and if the fluid is stable, even 
years. . . . 

Sluggish and slow in comparison is the analogous Brownian movement 
of the larger gold particles in the fluid, which are the transition forms to 
ordinary gold that settles. . . . 

^ SxBDBNTOPF and ZsiOMONDT, loc, cU. SiBDBNTOPF, Berliner Hinische 
Woehenschrift 32 (1904); '^Druelosdiriften-Verzeichnis der optischen Werk- 
staette von C. Zeiw,” Si^. M., 164, Jena (1904). 

* ZsiOMOXDT, op. cU,j Chap. X. 
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Not only did the invention of the ultramicroscope increase the 
range of visibility from about 600 down to dimensions of only 
a few millimicrons, but it also established the following facts of 
general importance to natural science: 

1. That colloidal solutions must classify as heterogeneous 
systems in so far as their noncoherent particles, microscopically 
invisible but detectable in the ultramicroscope, are suspended in 
a medium. The size of these particles is below 10"“^ cm. and 
above 10“^ sq. cm. 

2. That, since the Brownian motion of the ultramicroscopically 
visible particles can be considered as a thermal movement follow¬ 
ing the same laws as deducible from the kinetic-gas theory, 
ultramicroscopy must be accepted as the first actual experimental 
proof that the kinetic-gas theory with all its conclusions stands to 
fact. However, this implies that the molecules may no longer be 
considered as abstract but that they are actual realities. The 
particles of a colloidal solution act like noncoherent molecules— 
they diffuse, they sediment, they create osmotic pressure. Only 
oh the basis of xiltramicroscopic observations could these facts be 
studied and mathematically evaluated by men Hke Jean Perrin,* 

yThe Svedberg,^ M. v. Smoluchowski,* A. Einstein,* and others. 

3. That experimental proof could be offered for the energy- 
distribution law of Boltzmann-Maxwell.^ 

Zsigmondy^s development of the principle of ultramicroscopy 
is one of the most striking examples of the importance and values 
to be obtained from systematic and strictly logical reasoning. It 
demonstrates how one can make for one^s own purppses the best 

11 mil 1 millimioron « 1 ten-millionth of a cenfimeter, or 0.000000039 
inch. 

* 0.00006 to 0.0000001 cm. 

»C. r. 8oc. Biol, 146, 967 (1908); 147, 475, 530, 694 (1908); 152, 1380 
(1911). Ann. chim. phys,, IS (8), 5 (1909). Zeit. physikal. Chem,, 87, 
366 (1914). ‘‘Brownian Movement and Molecular Reality,*' London, 
1910. PiBiEmm-LoTTi&BMOSiut, “Die Atome,” Dresden, 1914. 

^ Zeit. Elektrochem., 12, 853, 909 (1906). “Die Existenz der MolekOle," 
Leipzig, 1912. 

»Ann. Phys., 21 (4), 766 (1906). 

•Ann. Pkys,, 17 (4), 549 (1905); 19, 371 (1906). ZeU. Elektrochem., 18, 
41 (1907); 14, 236 (1908). 

^Reference is made to M. v. Smoluchowski, Sitzher, Akad, TTiss., 
Wien, M<ah,-NaiwwUiii,, KL IL, 128, 2381 (1914)- 124, 263, 839 (1915). 
PhysikaL Zeit., 16, 321 (1915); 17, 667 (1916). 
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use of observations that have originated in entirely different 
branches of science. 

With the invention of the ultramicroscope the study of colloidal 
phenomena has entered into an entirely new era, and this dis¬ 
covery can be considered as the actual beginning of all modem 
research in the field of colloidal science.^ 

The foregoing pages have undoubtedly shown the vast amount 
of information and knowledge already existing on the subject, and 
due credit must be given to the pioneers in this field for the 
multitude of collected experimental data, as well as for many 
assumptions and predictions. The latter seem to be even more 
characteristic of the strict lopcal reasoning ts^pical for those days 
when we realize that these scientists lacked the essential tools 
necessary to prove their theoretical deductions. 

* For a recent discussion of new results and problems in colloidal research 
see, e.g., P. A. Thuissbn, Zetl. angew. Chem., <1,318 (1938). 



CHAPTER II 


THE DISPERSE STATE OF MATTER—THE COLLOIDAL 
STATE, A GENERALITY 

Graham differentiated between colloids and crystalloids accord¬ 
ing to the diffusivity of their solutions. 

Picton and linder had demonstrated that the same chemical 
compound (arsenium trisulphide in solution) can ejthibit varying 
degrees of diffusivity, so that Graham’s differentiation seemed 
insufficient. Sabanejew^ tried to classify the different substances 
or their solutions by the difference in molecular weight—a very 
arbitrary proposition even for those days. A. Mueller® proposed 
a divition in suspensions of fine particles and solutions of high- 
molecular compounds. H. Bechhold’ differentiated between 
organic and inoi^amc colloids. 

All their theories, as well as those previously referred to in the 
precedmg chapter, culminate in the necessity of differentiating the 
systems by the size of their particles. 

Depending on the point of view taken by the different authors, 
colloids were considered as belonging either to the group of 
miechanical suspensions or to molecular solutions.^ A typical 
dualistic point of view .resulted. 

MechMi ^auap^ fflona^^^C^m^ Mdecular scduti^ 

When Zsigmondy, one of the strongest supporters of the solu¬ 
tion theory, proved with the use of the idtramicroscope that 
individual' gold particles can thereby be made visible, even in 
what ijibs so far considered as a perfectly clear solution, the 
heterogeneity of colloidal dispersions seemed definitely estab¬ 
lished. However, these findings, if viewed in retrospect, have 

* BeM. Aim. Phyt. Chem., 16, 766 (1892). 

* Zeit. morg. Chem., 86,340 (1M3). 

* Zeit. phyeikaL Chem., 48 , 386 (1904). 

* A solution in this connection is considered as a molecular distdbuti<m 
one substance in another. 
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demonstrated the existence of a heterogeneous system only by 
the use of a new research tool. They have undoubtedly assisted 
in the evaluation of the optical properties of colloidal solutions. 
But they have not permitted giving a general classification of 
colloidal solutions in regard to the majority of their properties. 

W. B. Hardy^ differentiated between reversible and irreversible 
colloids, depending on the results of certain precipitation reac¬ 
tions. A. A. Noyes^ distinguished between “viscous, gelatinizing 
colloidal mixtures not easily coagulated by salts and “non- 
viscous, non-gelatinizing, but readily coagulable mixtures^' which 
he termed “colloidal suspensions.” In a similar way did J. 
Perrin* distinguish “coUoides hydrophiles” and “hydrosols 
stables.” We also find in the older literature discriminations as 
to the dispersion medium, as to the sign of charge, viscosity, etc. 
However, none of these classifications is capable of general appli¬ 
cability. For example, some of the arsenium trisulphide solutions 
of Rcton and linder exhibit a very marked rate of diffusion. 
Since various factors are known to influence particle size, a sys- 
tematology of colloids in regard to their particle size alone is 
unsatisfactory. Hardy^s classification also is insufficient, because 
we know of cases where colloids classified by him as irreversible 
can be redispersed* into colloidal solutions. 

Most of these classifications are justifiable only if taken to 
represent a very limited group of properties. The main difficulty 
in obtaining a complete and universally acceptable nomenclature 
of colloidal solution, lies in the amazing variety of phenomena 
characteristic for this field. 

The Dispbbsb State op Matter 

If we analyzed the entire complex, we should have drawn the 
conclusion that colloidal solutions at that time could be con¬ 
sidered definitely as heterogeneous or multiphase systems. 

Wo. Ostwald* must receive everlasting credit for havii^jntro- 
duced the “heterogeneity of matter” or “the disperse staite of 
matter” as the general point of view, the colloidal state bdng one 
step in the series, extotding from matter in the coarse state 

^ Ztit, physHfuoi* ^6 (1900). 

* /. Am* Chem. 8oc,j 27^ ^ (1905). 

* J* chim. phys.f 8, 50, 84 (1905). 

* K6a. ZeU., h 291, 331 (1906). 
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through microscopically detectable solutions to the colloidal state 
and further down to truly molecular solutions. In his book “An 
Introduction to Theoretical and Applied Colloid Chemistry,”* 
better known under the descriptive title of the first German edi¬ 
tion “The World of Ne^ected Dimensions,” he sums up his point 
of view with the following statement: 

Modem Colloid Chranistty teaches that there are no sharp <Mer- 
ences between mechanical suspensions, colloid solutions and molecular 
solutions. There is gradual and continuous transition from the first 
throu^ the second to the third. It is best to regard all three from the: 
same viewpoint and first to emphasize their sunilarities. After this 
has been done, their special peculiarities may be taken up. 

This conclusion is the result of the following facts proved by 
colloidal research: 

1. That molecules actually exist. 

2. That colloidal solutions, as well as mechanical suspensions, 
contain discrete particles and that therefore both can be con¬ 
sidered as disperse ssrstems. 

3. That there easts no sharp boundary between mechanical 
suspensions, colloidal solutions, and true solutions. 

Once the fact was established that colloidal solutions must 
be considered as heterogeneous systems, it seemed of importance 
to differentiate between two main groups. The general type is 
characterized by the presence of two or more clearly distinguish¬ 
able phases whose boundaries are easily detectable. (For exam¬ 
ple, vapor in contact with a liquid; a sediment at the bottom of 
the liquid in which the particles originally were suspended.) 
These s 3 rstems to which the Gibbs's phase rule specifically applies 
(for further detail see pages 5^.) are characterized by a larger 
bulk volume of the phases in comparison to their boundary sur¬ 
face. The special type differs in so far as here the two phases are 
separated from each other by an exceptionally large surface area. 
Such a system may be considered as more or less homogeneous, 
because there is a uniform distribution of the phases in every 
volume part. 

Wo. Ostwald has termed these systems “disperseheterogeneous” 
systems. Such a terminology naturally called for some limits 
as to the order of magnitude of the developed surface between the 

* See 2d ed., p. 14, John Wiley & Sons, Ino., New York, 19^ 
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phases in reference to the volume of the dispersed part or phase 
(specific surface). The principal differences between general and 
special types of disperse heterogeneous systems are the result of 
the appearance of special properties as the boundary surfaces are 
increased. In the case of systems with large specific surfaces they 
become the outstanding characteristic of such a sj^tem. It 
would seem illogical to postulate any arbitrary limits solely for 
the purpose of distinguishing between disperse and nondisperse 
systems. However, if certain properties show a sudden change 
with variations of specific surface, it then appears justifiable to 
place an arbitrary limit at this stage. It therefore would seem 
'unreasonable to try to maintain the old idea of sharply differ¬ 
entiating between colloidal and crystalloid solutions by xmearth- 
ing as many individual differences as possible. Wo. Ostwald was 
the first to apply a new concept when he set out to describe the 
exis^g transitions, between coarse disperse and molecular dis¬ 
perse systems, from a more general point of view. 

It is not astonishing that the successful development of the 
ph 3 rsicochemistry of crystalloid solutions tempted chemists to 
apply the laws governing them to colloidal solutions, even if 
considerable discrepancies occasionally had to be considered. 

Today it would seem at least equally justifiable to consider the 
molecular disperse solutions as special cases of disperse systems in 
general. This all the more since homogeneity of crystalloid solu¬ 
tions is by no means established^ and the existence of the Fara- 
'day-'I^dall phenomenon in highly concentrated crystalloid 
solutions^ definitely argues against a perfectly homogeneous 
system,* 

However, a simple logical consideration leads to the deduction 
that molecular disperse systems can also be considered as specific 
cases of disperse systems in general In such specific instances, 
certain properties may have become predominant, and others 
negligible. Yet it would seem illogical to .consider disperse 
heterogeneous systems generally as special cases of molecular 
dispersions. Such a deduction, if accepted, must assume that 
any law that holds for disperse systems in a general way must 

1 See Lobby m Bbxjyn, Rec. tr<w. chim. Pays-Bast 23, 218 (1904). 

* See also J. Tbax^bb and P. Klein, KcU, Zeit., 29,236 (1921), K. Hoff¬ 
man, KoUi ZeU,y 84, 344 (1938). A. S. C. Lawbbncb, J, Roy. Microscop. 
Soc,^ 68,30 (1938). F. C. Franx, PhysikaL Zeit., 89,530 (1938). 
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also hold for molecular disperse s 3 rstems. We need bear in mind 
only that mth increasing degree of dispersion certain properties 
of the system will preponderate and others will drop to zero 
significance. This point of view, which, offhand, may still seem 
rather unconventional to some today, 
.p permits a logical explanation, for instance, 
of why Gibbses phase rule, van't Hoff’s law 
of solution, etc., do not hold for colloidal 
dispersions or for normal disperse systems. 
As will be discussed in detail in one of the 
foUowing chapters, tfee former holds good 
partide in suspension; J., only-in such systems where the boundary 
imaginaiy line. iSrface between two phases is negligible in 

comparison to the volume, and the latter accounts only for 
extreme dilutions. 

The Disperse Structure.—^Wo. Ostwald’s aim, based on the 
arguments just discussed, was to find a general concept for the 
different systems, to emphasize primarily the properties that they 
have in common, and to describe on this basis their specific 
properties,‘thus eliminating the old argument that had resulted in 
the dualistic classification once before referred to. Mechanical 
eicepeneionSj colloidal solvMons, and Tnolecvlar or true eolvMone have 
the disperse state in common. 
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DISTANCE IN ARBITRARY UNITS 

Fia. 3a..’—Sohematio illustration of penodidty in disperse systems.- 

meohanioal suspexisions;-oolloidal solutions;... molecular or true dispersions. 

By disperse structure one imderstands a system wherein the 
properties exhibit periodic changes in space along an imaginary 
straight line drawn through it. Figure 3 is a schematic illustra- 
tion for this defimtion. In the three systems under discussion 
(Fig. 3a), the disperse structure is represented by the disperse 
phase suspended in the form of a varying number of particles in 
the continuous dispersion medium. 

These three systems, all falling according to the given definition 
under the general heading of disperse S 3 rBtems, differ in their 
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fr equen cy of the periodic changes per unit length along the imagi- 
nSiy line. Mechanical suspensions show a periodic change of a 
macro- or microscopic order of magnitude. C!olloidal solutions 
have a periodicity of only ultramicroscopically detectable dimen¬ 
sions, whereas the heterogeneity of the true solutions is based on 
the existence of molecules and atoms. The d^ree of dispersion 
increases from mechanical suspensions to true solutions. This 
shows that colloidal solutions take up an intermediate position. 

Dispersed systems 

'Coarse suspensions Colloids Molecular solutions 

Direction of increasing degree of dispersion 

This likewise demonstrates that no definite boundary exists 
between the different systems and that continuous transitions 
must exist. K such a systematology is completely analyzed, the 
results must be that theoretically any substance is capable of 
existing in this middle degree of dispersion, or, in other words, in 
the form of a colloidal system. 

P. P. V. Wbimarn's Law of Precipitation 

Entirely independent of Wo. Ostwald^s primarily theoretical 
deductions, the Russian scientist P. P. von Weimarn conducted, 
during 1906 to 1907, a series of experiments which offered the 
necessary experimental proof for Ostwald's statement. Studying 
the reaction 

MnS 04 + Ba(CNS)8 + aq — Mn(CNS)8 + BaSOi + aq 

he found that when using sufficiently high concentrations the 
BaS 04 was precipitated in the form of a jelly,^ whereas in great 
dilutions extremely small insoluble crystals were formed in sus¬ 
pension. This observation led to a series of experiments* and 
formed the basis of what today is generally known as the ^^von 
Weimarn law of precipitation.” A great number (over 200) of 
precipitates were so produced, it being always possible to obtain 
extremely fine crystals, coarse flocks, or jellies, depending on the 
concentration of the reacting substances used. 

1 /. Physiko-^iem, (3^., 87, 949 (1905). 

» Ibid., 88, 263, 466, 624, 988, 938, 1087, 1088, 1089, 1399, 1401 (1906); 
89, 304, 307 (1907). 
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These results were summarized in von Weimam^s own words: 

This permitted me to ascertain that any clearly cr 3 rstalline substance 
can be obtained in the form of a typical jelly as well as in the form of 
different precipitates, which according to their structure can be con¬ 
sidered as intermediate stages of the two extreme cases of forms of 
precipitates. I have so far found no single exception to these purely 
experimental results. 

As the result of micro- and ultramicroscopic observations, von 
Weimam amended the previous statement by saying: 

If we sum up the macroscopic, micro- and ultra-microscopic facts, 
we are forced to the conclusion that any solid substance (element or 
compound) can be obtained as well in the form of sels (crystalline sus¬ 
pensions) and jellies, as in the form of different kinds of precipitates that 
differ from each other only by a different size of the cr 3 rstalline grain. 

In the summary to this first important experimental contribu¬ 
tion, we find two basic statements: 

The so-called colloidal, amorphous and crystalloidal states are all 
together universal (possible) properties of matter. . . . Generally 
speaking, it follows from these investigations that colloids and crystal¬ 
loids are by no means two special worlds but that there exist close rela¬ 
tions between themselves as well as between them and the gaseous and 
liquid states of matter.^ 

This basic work was followed up by a sheerly monumental 
task undertaken with the idea of eventually forming an entirely 
new concept of the states of matter. The work* contains a 
further abundance of experinaental proofs for the statements just 
mentioned, as well as the first attempts to explain the differences 
in the precipitates obtained. 

The Colloidal State—General State of Dispersed Matter.— 
The theoretical deductions of Wo. Ostwald and the experimental 
results of von Weimam, Zsigmondy, Kcton, and Linder and even 

1 These statements are taken from the first publication of P. P. von 
Wbimabn in HoU, 2, 76 (1907); this publication contains a great 
number of references to previous publications by him as well as other 
authors. 

* KoU, ZefU,f 2,199, 275, 301, 326,1. 3upplern,enihe^^ XXVlil; II. Supple^ 
merOheft LII (1907); 8,282 (1908); 4,27,123,198, 252,315 (1909). See also 
P. P. VON Wbimabn, ‘‘Die AUgemeinheit des Kolloiden Zustandes,” Dres¬ 
den, 1925. 
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those of Selmi, Berzelius, and others have demonstrated that 
there exist disperse s 3 rstems of vaoying degrees of dispersion and 
that it is practically impossible to draw a sharp line of demarca¬ 
tion. between mechanical suspensions and colloidal solutions or 
between colloidal solutions and molecular dispersions. This 
would seem justifiable only if the degree of dispersion, or if a 
great number of specific properties, were to show a sudden or 
abrupt change when passing from one type of disperse system into 
the other. Since no such pronounced change exists, the fixing of 
any boundaries or lines of demarcation must and should be 
considered as arbitrary. If such lines have been drawn, it is 
simply for the purpose of facilitating the grouping of the different 
systems, but it always should be kept in mind that overlapping 
cases are not excluded thereby. 

The historical development in the science of colloids has 
resulted in drawing the arbitrary lines of demarcation for the field 
of colloidal disperse S 3 rstems by taking as the upper limit the 
dimension corresponding to the limiting wave length of visible 
light. This corresponds to the smallest size of a particle that can 
still be resolved by the ordinary microscope. The dimensions 
of typical molecules of simple structure were chosen as the lower 
limit. Therefore today it is the dimensional range between about 
600^ and 1 mft that is considered as the field of colloidal 
dimensions. 

We can thus picture the entire range of disperse systems as 
follows: 


DISPERSE SYSTEMS 
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CHAPTER m 

TERMINOLOGY AND DEFINITIONS^ 

Although the following discussion of the most common terms 
found in the literature pertaining to colloids and some of its 
general definitions may detract somewhat from the sequence of 
the subject matter of this book, nevertheless it seems advisable to 
make the insertion at this point so that no misinterpretations may 
arise as to the terms used. 

Admittedly a great part *of the terminology, even of the most 
usual words, is rather imperfect, frequently vague, and at times 
actually misleading. Whenever a new branch of science passes 
through the early stages of its development, it happens that those 
engaged in this pioneer research are apt to coin a term for each 
phenomenon that they consider new. It is only after the devel¬ 
opment in our knowledge has been sufficiently stabilized that 
critical analysis can begin to banish unnecessary terms and 
establish a simpler but nonetheless comprehensive terminology. 
The science of colloids has been exceptionally prolific in the 
matter of its terminology, which presumably results from the 
fact that its scientists originally specialized in different branch^ 
of natural science, such as physics, physicochemistry, organic 
chemistry, biology, and medical chemistry and therefore con¬ 
tributed tenns closely related to those with which they were most 
familiar. Although the development of the science of coUoids 
undoubtedly has come to a point where a simplification of its 
terminology would be most desirable, very little headway has so 
far been made in this direction. 

We shall mention the most common and important terms found 
in literature up to the present and at the same time attempt to 
establish a terminology conforming closer to modem definitions 
than has hith^o been the case. 

‘ See, e. 0 ., Wo. Osinrald’s contribution to A. Euhit, “Eollcndchemisches 
Taachenbuch,” p. 1, Akai. Verlagtget., Levptig, 1935. 
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Graham had already differentiated between colloids in liquid 
form or colloidal solutions by terming them sols, and colloids in 
the solid or gelatinous condition by terming them gels. Although 
these terms are still in use today, our present knowledge calls for 
a more precise definition. A sol is now considered as the distribu¬ 
tion of matter in a liquid medium, its individual particles being of 
colloidal dimensions. A further characteristic of such a system 
is that the individual particles are in vivid Brownian motion 
and that the system will flow imder the influence of a differential 
force. In other words, this means a system that has a zero yield 
point. We know of cases where such systems will solidify solely 
owing to a solidification of the dispersion medium, e.g., reduction 
in temperature, crystallization, etc. In such cases, the Brownian 
motion of the dispersed phase ceases, owing to the increased 
viscosity of the dispersion medium,‘whereby the individual par¬ 
ticles are locked into position. In such systems, the disperse 
phase contributes nothing to the rigidity of the solidified S 3 ^tem 
and therefore has no influence on yield point and the like. The 
general term for systems answering the definition just given is 
solid sols. As specific examples, one may mention the distribu¬ 
tion of colloidal gold in glass, commonly known as ruby-^ass. 
This special type of solid sol is frequently also termed vitreosoL 
The distribution of colloidal gold in molten borax is known as a 
pyrosol. The distribution of a colloidal metal in a crystal, such 
as colloidal sodium in a sodium chloride crystal, is a crystaUosol. 

Liquid S 3 retems in which the solid disperse phase can exist 
only below its normal freezing point, as, for instance, colloidal ice 
in chloroform at temperatures around — 20®C., are called kryosols 
(from, the Greek word Kpins (kruos) for Ice cold). 

In order more precisely to define a sol as a liquid system, the 
term lyosol has been introduced (derived from the Greek word 
Oyo), to dissolve). If the dispersion medium is water or a 
watery solution, the sol is frequently termed a, hydrosol (derived 
from the Greek word U5wp (hydor) for water). When the dis- 
.persion medium happens to be an organic liquid, the system is 
usually called an organosol. Still more specific tmmoLS are oleosol, 
alcosol, etc., depeiici^g on the liquid used as dispersion medium. 

If the colloid to be dispersed swells upon the addition of the 
dispersion medium or finally even loses its origboal coherence and 
goes into a coUoidal solution (gelatin in water, or rubber in ben- 
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zone, etc.), we speak of lyopMUe sols in general, of hydrophilic or 
organophUic sols in particular (the term “philic” is derived from 
the Greek word <piKos (jphilos), meaning loving). More recently 
the term lyo- (hydro-, organo- )eratie has been introduced [the 
term “cratic” is derived from the Greek Kpariu (krateo) meaning 
to control]. The reason for this new term is the assumption that 
such sols owe their stability primarily to their affinity toward the 
dispersion medium. 

If, contrary to the foregoing, the disperse phase exhibits no 
such affinity, does not appreciably swell when brought into con¬ 
tact with the dispersion medium (e.g., colloidal gold in water, 
graphite in oil), we speak of lyo- (hydro-, organo- )phobio or 
electrocraiic sols.^ The term “phobic” is derived from the Greek 
^os (jphobos), meaning fear, whereas the latter is based on the 
fact that such systems owe their stability primarily to the electric 
charges of the individual dispersed particles. 

Systems consisting of at least two liquids immiscible in each 
other, in which one is dispersed in the other in the form of droplets 
of colloidal dimensions, are termed coUoidcd ermdsiona. * Depend¬ 
ing on which of the two liquids A and J? is to be considered as the 
continuous phase or dispersion medium, we have either an 4-in-J? 
or a B-in-.d emulsion (water-in-oU or oil-in-water emulsion). 
Naturally there are intermediate s 3 rstems, as, for example, dis¬ 
persions of waxes or S3mthetic resins, in water, wherein the correct 
classification will depend largely on the properties and the actual 
state of the disperse phase. 

Finally, there are systems in which the continuous phase or 
dispersion medium is a gas, such as smokes, dust, fog, and mist. 
Such systems are known as aerosols. 

Today, we understand by gel a solid, rigid, and coherent system 
composed of dispersion medium and disperse part, the latter 
having particles of colloidal dimensions. In contradistinction 
to a sol, the particles of the disperse part are at a standstilL 
Contrary to what has been termed a solid sol, the rigidity 
of a gel is due primarily to the influence of the disperse part, its 
particles being held in their position by the interaction of attrac- 

»For a recent discussicm of hydrophobic colloids see, e.g., H. R. KntnrT 
Chem. Wbl, 86, 44 (1938). 

* For a recent discussion of emulsions see, e.g., J. L. van dbb Minnx 
Chem. TFK., 88,122, 126 (1988). ’ 
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tive and repulsive forces. Gels are s3rstems that will exhibit 
flow only upon the influence of a finite force necessary to overcome 
the forces holding the particle in place. Therefore, gels are 
sjrstems with a measurable yield point. Here, again, we can 
differentiate between hydro- and organogek, lyaphilic and lyoeratic 
gels, etc. 

A coagd is a macroscopic, fully dehydrated (desolvated) pre¬ 
cipitate of a sol or a gel. 

Special types of gels and intermediate systems leading to true 
coagels will be dealt with separately in the appropriate chapters 
(see page 162 ). 

Monodisperse systems are those in which the individual 
particles of the disperse part are practically of uniform dimen¬ 
sions. Polydisperse systems are those in which the disperse part 
consists of particles of different dimensions. ConcerdrcMon- 
variable dispersoids are ss^tems in which the degree of dispersion 
decreases with increasing concentration {e.g., soaps, certmn 
dyestuffs). Temperaturomriable dispersoids are systems where 
the degree of dispersion changes with variation in temperature 
(for example, soaps show an increase in their degree of dispersion 
with increasing temperature). 

One frequently finds the expression highly sohdted dispersoids, 
which is synonymous for lyophilic; and poorly sohfotized disper¬ 
soids, s3monymous for lyophobic. Heterodispersoids are systems 
in which the disperse part and the dispersion medium are chemi¬ 
cally different (as in the case of gold sols). Iso- (aUo-) dispersoids 
are systems in which the disperse part and the dispersion medium 
are polym^, isomers, or allotropic forms of the same basic 
substance. 

Evdiepersoids or eucoUoids are systems in which the colloidal 
dimenaons are obtained by chemical summation of atoms by 
accumulation of primary or chemical main valendes. Valencies 
can act either in one direction of space, forming threcd moleeuksor 
thread micdlae, e.g., in cellulose or rubber; or in two directions, 
forming lamdlar moleeules, as m the case of graphitic add. 

Further terms and definitions which are less common will be 
discussed when the occasion arises. 
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DIFFORM SYSTEMS 

In Chap. II, we developed the idea of considering the disperse 
state of matter under the same general point of view as we have 
been accustomed to do with the more familiar states, such as the 
liquid or gaseous, the amorphous or crystalline. The fact has 
been established that colloidal disperse systems are those in which 
the ultramicroscopically resolvable discrete particles of one sub¬ 
stance are for all practical purposes uniformly -distributed 
in a dispersion me^um. So far, our entire discussion and 
definition of colloidal systems have centered around disper¬ 
sions characterized by a periodicity, or, m other words, by the 
size of the corpuscular particles, being of colloidal dimensions. 
However, it would be a mistake to limit the study of colloidal 
phenomena exclusively to such disperse systems and to develop 
separate lines of thought for other systems exhibiting phenomena 
very similar to those observed with colloidal dispersions, just 
because they do not fit into the definition of a disperse system. 
What we again need here is a general point of view which will 
offer a better understanding of similar phenomena, even if they 
are observed in systems of entirely different configuration. 
Again, we owe the basis for this point of view to Wo. Ostwdd,^ 
although empirical recognition of Ostwald's theoretical deduc¬ 
tions is all but new.* 

Ostwald introduced into the discussion the terms of “con¬ 
tinuity” and “discontinuity” which have already proved their 
value often in the philosophical evaluation of natural science. 

If we consider space and time as absolute continua, we aha-ll 
find that whateve>r is in, or with, them exhibits discontinuiries as 

1 KoO. Zeit., 56,267 (1931). See also A vow BtrziGH, “KoUoidik,” p. 6, 
T. Stdnkopf, Dresden, 1936. 

* See, e.g., M. FaaNEBNHBiu, "Die Lehie von der EohSmon,” p. 63, 
Breslau, 1836. Cabl Ludwig, “Lehrbuoh der Fhysiologie,” 2d ed, vd. 2 , 
p. 221, Leipzig, 1861. Wma. Ostwald, “Grundriss der all gemAinpi^ 
Chemie,” 6th ed., p. 618, Leipzig, 1909. 

30 



DIFFORM SYSTEMS 


31 


well as continuities. We are dealing with a discontinuity when the 
parameter or graphical illustration of a functional relationship of 
ph3rsical or chemical data exhibits sudden changes in direction or 
an abrupt end. It must naturally be kept in mind that such 
changes, which in graphical illustration wffl show up as definite 
kinks in the curves, are relative and depend largely on the 
accuracy of measurement applied to any 
observation. Therefore, the term ^^conti¬ 
nuity’' or ^‘discontinuity” must also be 
taken relatively. We frequently observe 
phenomena which, when macroscopically 
studied, show abrupt changes over a com- 
paratively smaU interval of space but when ViSdfgM 

adequately magnified show an absolute interface. A, liquid 
continuous change. As an example of this, of 

take the change in density at the interface, macroscopic investiga- 
Uquid-gas. Such relativity is illustrated 
in Fig. 4 . On the other hand, we can 
conceive of cases where a functional relationship may be con¬ 
sidered to be a continuous one, as long as inadequate methods 
of observation are applied^ but when more sensitive instruments 
^e used, the system reveals the presence of a great number of 
discontinuities. The resolvability of colloidal solutions with the 
ultramicroscope is a typical example for such a case and is 
schematically illustrated in Fig. 5 . 



OPTICAL D ENSITY 
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OPTICAL D ENSITY 
OF WATER 


Fio. 5.—Ultramicroscopio resolvability. -macroscopic ^d 

disoontiiiuities; ———— ultramicroscopio discontinuities. 


microscopic 


We know of discontinuities of space, time, and energy. Those 
of space can be subdivided into two mmn groups: the discrete or 
analyijical discontinuity of matter and the coarse or obvious 
discontinuity of matter. Corresponding to these grouping, we 
can consider the field of the atomistic or molecular doctrine as 
phymcs and chemistry of the former; and the ^udy of interfaces, 
e.jr., interfacial tension or potential or adsorption, as the physico- 
chemistry of coarse discontinuiti^. In the days before the study 
of colloidal phenomena had revealed the existence of very specific 
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properties, it seemed only logical to assume that a thorough 
knowledge of the peculiarities of the discrete discontinuities of 
matter would suffice to explain the properties of coarse dis¬ 
continuities. However, it was found necessary to differentiate 
clearly between the structural elements responsible for discrete 
and coarse discontinuities and the building units of medium 
discontinuities as represented by the colloidal range of dimen¬ 
sions. Although the colloidal dimensions are arbitrary, colloidal 
discontinuities are most frequently characterized by very 
pronounced maxima and minima for different properties.^ 

The following example may illustrate somewhat better the 
importance of the foregoing deduction. We know that colloidal 
particles are built with atoms, electrons, etc. In the final analy¬ 
sis, a hoxise or a living organism is also composed of atoms and the 
like, and in many cases the ultimate building element may be the 
same in the two. Nevertheless, such a purely atomistic analysis is 
insufficient as a satisfactory description of matter and its proper¬ 
ties, and the introduction of larger units, such as bricite and cells, 
is therefore necessary. Just as the introduction of the cell as the 



building unit of the organism resulted in 
the amazing development of biology, so 
any further development in the physico- 
chemistry of matter depends on the ac¬ 
ceptance of the specific properties exhibited 
by such intermediate discontinuities. 


E As previously pointed out, we have de- 

att^tion so far exclusively to 
of a cube. 8, boundary c<yirpv^(yular di^continuitieB. These are 
B, edges; p, gygtems with fully closed discontinuity 
surfaces, such as spheres and individual 


particles; These corpuscular systems must be considered only 
as one possible type of stereometric discontinuity; filma and 
threads are other possibilities. 


For example, if we consider a system of coarse discontinuity, 
let us say a cube, we find that it possesses parts which, in compari¬ 
son to the undifferentiated interior, are stereometiically distin¬ 
guished. These are the houndary surfaces, edges, and points 
(Kg. 6). These boundary fields are distinguish^ parts also 
from a physicochemical point of view. They always have a 
> Wo. OsTWALD, KcU. Beffi., 82,1 (1930). von BuzIgh, op. dt., pp. 29^. 
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certain depth, in most csises of colloidal dimensions, and therefore 
can be considered to be of tridimensional construction, becoming 
monodimensional only in theoretical mathematics. Located in 
them we find specific physicochemical forces and properties. 
This makes it evident that these properties must become the 
more pronounced the more the boundaries of this S 3 ^tem are 
increased in comparison to its constant volume or mass. The 
total energy E of o, given body can be divided into the inner 
energy ei and into the boundary energies eb: 

E ^ ei eb 

The inner energy must be proportional to the volume or mass of 
the body v, whereas the boundary energies must be proportional 
to the discontinuities w. 

U we term the energy of a volume unit in the interior i, and the 
intensity factor of the discontinuity energies /, then the total 
energy of the body can also be written 

E ^ vi ^ wf 

and the total energy per unit volume would become 

V ^ 

If we increase the value of t.e., increase the discontinuities of 
a system in regard, to its volume, the boundary energies will 
preponderate accordingly. Theoretically, there is no limit for 
however, practically, owing to the inadequacy of our methods of 
observation, we reach the point where the total energy of a 
system is once more entirely made out of the inner energy, i.e., 
when the term ‘^boimdary surfaceloses its practical sense. For 
all purposes, this is the case when dealing with true solutions or 
anal 3 rtical dispersions. 

Referring once more to the example of the cube, Wo. Ostwald 
distinguishes between planar, linear, and point discontinuities. 
Therefore, a cube of 1 cc. volume will have a specific planar 
discontinuity of 6 sq. cm. (discontinuity planes in square centi¬ 
meters per volume in cubic cenitimeters), a linear one of 12 cm., 
and a specific point discontinuity of 8. 

Laminar, libxillar, Corpuscular Dii^ersion.—^By taking a cube 
of 1 cc. volume and dividing it into slices of 1 m^ in thickness, we 
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have produced a laminar disperaed syistem. If we now continue 
to subdivide this lamella into rods 1 m/* thick, we have produced a 
fibrillar system; and, finally, if we subdivide this into individual 
cubes of 1 m/i edge length, we have produced a corpuscular 
disperse sryatem (Fig. 7). Whereas the total volume has thereby 
undergone no change, the surface has increased from 6 sq. cm. 
to 6.000 sq. m. Such a method of increasing the surface of a 
given system is by no means the only possible one. For example, 
if we take a piece of gold and hammer it out imtil it reaches the 
thickness of a gold leaf, we shall have increased the surface, 
starting with a cube of 6 sq. cm. total surface, to about 2 sq. m. 
If we take 1 cc. of viscose and spin a thread of 1 m diameter, the 
thread would be about 800 miles long. Such extreme cases of 



deformation have been termed “difformation,” and the systems 
obtained are known as difform systems. 

As a logical consequence of the systematology of disperse 
systems, we can now equally well distinguish between coarse 
difform sjmtems, if the thickness of the lamella or film is thicker 
than 600 mj»;.or, in the case of fibrillar systems, if width, thick¬ 
ness, or diameter oversteps this figure. Systems where one ortwo 
of the dimensions lie in the colloidal range are called coUoidal 
difform systems; and those with dimensions smaller than 1 m^, 
analytical difform systems. 

It is evident that depending on the type of difformation, i.e., 
if it is carried out to increase one dimension or two, we 
obtain filmlike or threadlike systems. The main differentiation 
between difformation and dispersion is that in the former case the 
increase in the discontinuities concerned is absolutely continuous, 
the body retaining thereby its coherent character; whereas in the 
latter case its original cohelence is disrupted, and individual 
particles in dispersion are formed. 
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On the basis of the previous discussion, Wo. Ostwald amended as 
follows his own and von Weimam^s statement as to the generality 
of the colloid disperse state of matter: ‘‘Films and threads are 
eqmlly general possible states of matter as dispersions, Jtcst as well 
as dispersions of every conceivable degree of dispersion exist, there 
also exist films and threads of all possible degrees of difformationJ^ 
The Scope of Science Dealing with Colloids.—^This statement 
naturally must result in an amendment of the scope of the science 
dealing with colloidal phenomena. It is no longer limited to the 
study of disperse systems, the disperse part being of colloidal 
dimensions, but it logically must now also include the study of the 
phenomena of difform systems as long as at least one of the 
systems’ dimensions falls within the limits arbitrarily selected as 
colloidal. 


Txblb —^Dispbbsb Ststbms 


Disper¬ 

sion 

medium 

Disperse 

Type of disperse systems 

part 

Coarse disperse 

Colloid disperse 

Highly disperse 





Mixture of gases 

Gaseous 

Liquid 
Solid • 

Rain, fogs 

Dust, smoke 

MisrtJ (aerosol) 
Aerosol 

Liquid 

Gaseous 

Liquid 

SoUd 

Foams and gas 
bubbles 

Coarse emulsions 

p 

Mechanical sus¬ 
pensions 

Foams and gas 
bubbles; 

Lyogels, colloidal 
solutions (hy- 
drosols, organo¬ 
sols); 

Lyosols, colloidal 
solutions (hy- 
drosols, organo¬ 
sols, pyrosols) 

Adsorbed gases 

Solutions, mix¬ 
ture of liquids 

Solutions 

Solid 

Gaseous 

Liquid 

SoM 

Solid foams, min¬ 
erals with gas 
Minerals with 
liquid inclusions 
Dry nodxtures, 
oon^omerates 

Solid foams 

Solid foams 

Solid sols, e,g., 
gold-ruby-glass 

Adsorbed gases 

Water of crystal¬ 
lization 

Solid solutions, 
mixed crystals 


»Thi« table, with the exception of a few changes, has been taken from A. v. BuaXoH’s 
book *'Kolloidik/* p. 20, T. Stonkopff, Dresden, 1936. 
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Table II. ^—^Difporm Systems 




FibriUar 

Corpuscular 

I. Solid films, threads, 
and corpusoules: 

1. Solid-eolidHBolid.. 

Mica, graphite, clay 

Asbestos (individual 

Crystal powder par- 


(individual lamel- 

fibers) 

tides 

2. Solid-BoUd-liquid 

lae) 

Electrolsrtio deposit 


Particles adhering to 

3. Solid-soUd'gase- 

on electrode in bath 

Thin coatings on 


container walls in 
presence of non¬ 
wetting liquids 
Particles adhering to 

ous. 

solid base in air 


walls in air 

4. Liquid-soUd-U- 

Dialyzing membrane 

Textile fiber in dye 

Suspended partides. 

quid. 

in use 

bath 

e.p., in a sol 

5. liquid-solid*gase- 

CoUoidion membrane 


Carbon-black parti- 

ous. 

on water 


cles floating on 

6. Qaseous-solid- 

A thin sheet of cello- 

A fine thread in air 

water 

Smoke 

gaseous. 

II. liquid films, 

threads, and corpus- 
cules: 

7. Liquid-liquid-li* 

phane in air 

Ternary equilibrium 

Mixture of certain 

Drops of an emulsion 

quid. 

between benzene. 

liquids (intertrac- 


8. Liquid-liquid- 

acetic aoid-water> 
Oil film on water 

tion threads)* ' 

Oil drops on water 

gaseous. 

9. Solid-liquid-solid. 

Film of lubricant be¬ 

Mercury column in 

surface 

Liquid indusions in 


tween solid surfaces 

thermometer capil¬ 

rocks 

10. SoUd-liquid-li- 

Oil film spread on 

lary 

Drops of oil in water 

quid. 

idass and covered 


adhering to con¬ 

11. Solid-liquid-gase- 

with water 
Condensated water 


tainer wall 

Drops adhering to 

ous. 

film on solid surface 


windowpane 

12. Gaseous-liquid- 

Soap lamella 

Liquid threads* 

Liquid drops in air 

gaseous. 

III. Gaseous films, 
threads, and cor- 
puimules: 

18. Solid-gaseous- 

Air film between ad¬ 

Air-filled capiUary 

Gas indusions in 

solid. 

hesion plates 


minerals and rooks 

14. Solid-gaseous- 

liquid. 

15. Liquid-gaseous- 

liquid. 

16. Liquid-gaseous- 

gaseous. 

17. Solid-gaseous- 

gaseous. 

Lddenfrost phenome¬ 
non 

Leidenfrost phe¬ 
nomenon on liquid 
surfaces 

Two-dimensional gas 
layers 

Adsorption film 




^ With the exception of a few minor changes, this table is taken from ▼. BuzAaB’s book, 
** KoUmdik,** p. 21, T. Steinkopff, Bresden, 1986. 

* F. A. H. SoHBBPmfACTBB, Zeit, phyaikal. Chem,, 26 , 562 (1898). J. FBnmLABNDsm, 
xMd., 88, 480 (1901). 

» A. E, Wbxobt, Proo, Roy, Boc., B 92 , 118 (1921); A 112 , 212 (1926); 11 ^ 676 (1927); 
116 , 587 (1928); KdR. ZoU,, 61 , 366 (1930); 64 , 93 (1931). 

* See J. JooHtMB, Protoptasma (Berlin), 9, 298 (1980). 












DIFFORM SYSTEMS 


37 


To avoid any misconception in our future discussions, it might 
be worth while to emphasize at this point that the terms “dis¬ 
perse” and “difform” systems, as used in the colloidal range, 
may not be confused with the homogeneous and heterogeneous 
syste3tns of Gibbs’s phase rule. Coarse dispersions and coarse 
difform S 3 rstems are heterogeneous, whereas highly disperse 
systems would be considered homogeneous in the sense of the 
phase rule. We know that in between these extremes lie the 
colloid disperse and colloid difiform systems. The colloid systems, 
as has been pointed out, are characterized by an extreme develop¬ 
ment of surface. They cannot be discussed on the basis of the 
phase rule, because, although their optical heterogeneity has been 
established, Gibbs’s phase rule is specifically applicable only to 
such systems, which in the state of equilibrium possess a negligible 
phase boundary energy in comparison to the inner energy. That 
means that Gibbs’s rule^ applies only to phases that make contact 
with each other along comparatively short boimdary surfaces. 

By the introduction of the terms “colloid disperse” and 
“coUoid difform” state, a very material advance has been 
achieved in the general trend of thoughts. 

Besides subdividing the disperse state of matter into three 
TYiflTTi groups, according to the degree of dispersion, a further 
subdivision into the type of dispersion medium present has 
proved advantageous. Table I offers typical examples for the 
nine theoretically possible types of systems. 

In the case of (Morm systems, the possibilities are still more 
numerous. Table II gives us a general idea of the possibilities 
existing in difform systems. 

1 J. WiLLABD Gibbs, Trans, Conn, Acad, Sci,, 3, 228 (1876). 



CHAPTER V 

FORM AND SHAPE OF MATTER 


Itt our previous discussions of disperse and diffonn S3^tems, 
reference has been made to the importance of what we termed 
“specific discontinuities.” This means that we consider the 
form or shape of the disperse or difform system, or at least the 
form or shape of its disperse or difform part, of significance in 
regard to its properties. These depend, according to our 
previous deductions, to a large extent on such specific discon¬ 
tinuities. The logical result of such a statement is that in the 
study of colloidal systems and colloidal phenomena, considera¬ 
tions of form or shape may not be entirely overlooked. 

The science of the relation between form or shape of matter 
and its properties and functions (morphology) dates back to 
Goethe, Cuvier, v. Baer, Roux, and others. Whereas sciences, as, 
for example, geology, crystallography, anatomy, botany, etc., and 
to some extent biology, have materially benefited in their develop¬ 
ment by the introduction of such considerations, other branches 
of natural science, as mathematics, classical physics, basic 
chemistry, and classical ph3rsicochemistry, have so far made but 
very little use of morphological considerations. 

This might be explained by the fact that the gas laws and the 
laws of liquids and solutions of low concentration, the actual 
domain of physicochemistry, had no need to introduce stereo¬ 
metric (shape) factors, since the laws can all be derived by the use 
of thermodynamic and molecular kinetic reasoning, where the 
form or shape is of no importance. 

Basic chemistry has been interested largely in stoichiometric 
equations for the reacting compounds but up to quite recently 
has disregarded possible stereometric factors. More recent 
discoveries, such as stereoisomeric compounds and'A. Werner’s 
complex salt theory,* have necessitated the. introduction of 

* “Neaere Anschauungen auf dem Gebiete der aaorganischea Cbemie,” 
4th ed., F. R. Vlew^, Biaiuschweig, 1920. 
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morphological considerations in classical physicochemistry. 
These have demonstrated that a fully satisfactory description of 
types of matter depends not only on the chemical nature and 
number of building units but also on their arrangements in space. 
However, such considerations have been more or less limited to 
substances that are available in the form of well-definable 
crystals. 

Importance of Shape in Colloidal Systems.—^In contradistinc¬ 
tion thereto, the scientist working with colloidal systems has long 
been fully aware that morphological considerations are indispen¬ 
sable for their complete description. For example, we know that 
an excess of sulphur milled into crude rubber at elevated tempera¬ 
ture will reappear, upon cooling, not in the form of regular 
crystals but as femlike configurations;^ when evaporating iron 
oxide sols we obtain characteristic concentric curved filamentlike 
deposits^; the practically concentric layers in agate or chalcedony 
and the formation of silicate trees are further typical demonstra¬ 
tions for the relation between chemical constitution and form or 
shape, since the latter is always reproducible under constant 
conditions. This means that their formation can certainly not 
be considered as a chance effect but must be governed in a way 
comparable to the growth of regular cr 3 ^tals. 

Such stereometric considerations are by no means limited to 
matter in the solid state, but gelatinous substances or gels must 
also be considered from a morphological standpoint. Soap gels, 
for example, owe their ri^dity and elastic properties to a thread¬ 
like alignment of their individual particles. Lying parallel in the 
form of bundles, the so-called liquid crystals are seemii^y the 
result of orientation of the building units in one preferential 
direction. The cell protoplasm and the living cell itself exhibit a 
persistence in form, although they are of easily deformable shai)e.* 

Naturally, it is extremely diflSicult to evaluate the importance 
of stereometric form in regard to properties in every detail. 
Modem physics of the structure of matter has been able to obtain 
during the past years with the aid of x rays, electron diffraction, 
etc., a very deep insight into the structure of finest matter. 
Many of its findings have proved of extreme value in the study of 

^ See, e.g.^ E. A. Hatjseb et dL, CoU. 8ymp. Mmogr.^ 6,207 (1928). 

* P. Babt, ''Les CoUoides,” p. 183, Dunod, Paris, 19^. 

® See, e.g., W. Sbipkiz, Science^ 88, 21 (1938). 
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colloidal phenomena, permitting ns to draw very close and valu¬ 
able analogies simply by substituting a colloidal particle for an 
atom. For example, the most recent theories in regard to gela¬ 
tion or coagulation of colloidal systems find their perfect analogues 
in the attraction/repulsion relationship of two atoms^ (see page 
219). 

Wo. Ostwald was the first to sum up the importance of such 
morphological considerations in the study of colloidal phenomena 
and to offer the first morphological systematology of disperse and 
difform colloidal systems.® A. v. Buzdgh* devotes an extensive 
chapter in his book to the morphology of disperse and difform 
systems. 

The former based his systematology on the controlled increase 
of discontinuities. This can be achieved by deformation or 
difformation as well as by dispersion. Naturally we could 
achieve the same result by assuming a systematic construction of 
the shaped matter from its ultimate building elements (atoms, 
molecules). In this case, aggregates of different size, form, and 
internal structure result. However, a dissimilarity is involved in 
following Ostwald's trend of thought: the difform system must be 
considered as the primary shape, whereas by the aggregation 
theory the form of a singular body would be a secondary shape 
based on its structural configuration. 

Let us once more refer to the fact that the characteristic cross 
section of a difform system is a curve exhibiting two fields of dis¬ 
continuities, linked together with one of constant properties 
(Fig. 3). Hireads will show this effect in two dimensions and 
tridimensional difform systems, or singular corpuscles in three. 
If such coupled discontinuities repeat themselves periodically, we 
are dealing with a diverse system. Of course, a great number of 
transitory systems or mixtures exist between difform and disperse 
systems. 

iSee, 6 .( 7 ., Abbam F. JoffA, '‘The Physics of Crystals,” McGraw-Hill 
Book Company, Inc., New York, 1928. R. Houwink, "Plasticity, Elas¬ 
ticity and Structure of Matter,” Cambridge University Press (England), 
1937. 

* KoU. ZeU., 56, 257 (1931); KoH Beth., 82,1 (1930). 

»"KoUoidik,” pp. 59#., T. Steinkopff, Bremen,"1936; "ColloidSystems,” 
pp. 56Jf., En^h trantiation of "Kolloidik,” The Technic^ Press, Ltd., 
London, 1937. 
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Definitions.—^For example, in cases where the individual 
particle of the dispersed part is not a compact structure but in 
itself represents a disperse system, we are dealing with a disperse 
structure of secondary order. We may consider a suspension of 
clay in its totality as a laminar-difform system; the individual 
clay particle possesses a laminar-disperse structure of second 
order, because it is built up from sheets of silica and aluminum, 
bonded together by oxygen. Cellulose fibers suspended in a 
dispersion medium represent a fibrillar-disperse system, with a 
disperse structure of second order, since the individual fiber in 
itself is composed of a great number of building units of fibrillar 
configuration. Finally, in the case of corpuscular-disperse 
systems, such as that of a gold sol, we know that we can dis¬ 
tinguish between primary particles (sols of faint pinkish color) 
and sols in which several primary particles have joined to form 
larger but still colloidal units^ (sols of violet color). 

Distribution and Its Bearing on Colloidal Properties.—It is 
decidedly more difficult to reach a satisfactory S3^tematology for 
the types of distribution,^ because a far greater possibility for 
variations due to shape and size of the disperse part, packing, 
etc., comes into play. Concentration of the system must also be 
considered, because at high concentrations of the disperse part, 
or during sedimentation, the particles are forced closer together 
so that we then have to deal with disperse systems, the properties 
of which depend not only on the disperse part but also on the 
changes in the dispersion medium. Whereas, for example, the 
properties of a given clay suspension will depend largely on 
the degree of dispersion of the disperse part, the properties of its 
sediment wiU also depend, at least to some extent, on the proper¬ 
ties of the now lamellar-difform dispersion medium, it being 
interlocked in lamellar shape between the sedimented and closely 
packed platelike particles. (For further details, see the chapters 
on the structure of pastes and gels.) Fibrillar difformation of the 

^ W. MBCKiiBimuBG, Zeii. arujrg. dUg. Chem., 74, 262 (1912), differentiates 
between single- and multiparticles. R. Zsigmondy, Zeit, angew, Chem.^ 86, 
449 (1922); Zett. phgsikal. Chem., 98, 14 (1921), differentiates between 
protons or monons and polyons. 

*See, e.g., P. NiggiiI, '‘Geometrische Kiistallc^raphie des Discon- 
tinutims,” ^‘Handbuch der Experimental Physik,” Leipzig, 1928. K. Wbis- 
SBNBBRG, Zeit. Kriet., 62,13, 52 (1925); ZefU. Phys. 34, 406, (1925). 
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dispersion medium will result in systems sedimenting or packing 
in such a way that a system with t 3 T)ical pores results. 

In systems of high concentration, the degree of difformation, as 
well as the final stereometric configuration of the dispersion 
medium, will depend exclusively on the shape of the disperse part 
and its type of packing, particle size and particle-size distribution 
being of secondary importance. Particles of any size or con¬ 
figuration can pack more or less densely, so that interstices of 
macro- or microscopic, colloidal or amicroscopic dimensions can 
result. However, the dimensions fall into the colloidal range, 
then such systems—according to the definition of the colloidal 
state—^must exhibit colloidal properties in regard to these inter¬ 
stices, independent of the size of the individual particles of 
matter representing the solid part, or skeleton, of the system. 
For example, the adsorptive properties of paper, textiles, sand 
beds, etc., are not necessarily the result of a property specific to 
the skeletonTforming substance but are due to the colloidal 
properties of the interstitial dimensions of the formed system. 



UJ1A1T.’E11 VI 


THE PECUUAEITY OF THE COLLOIDAL STATE 

Based on the work of Wo. Ostwald and P. P. v. Weimam, we 
have previously concluded that the colloidal state of matter 
refers to s 3 rstems intermediate between coarse dispersions and 
'anal 3 rtical dispersions or true solutions. We have established the 
fact that no abrupt changes have so far been detected which would 
permit drawing sharp lines of demarcation between colloid 
disperse systems and those which exhibit some other degree of 
dispersion. Finally, we have accepted the most commonly used 
dimensional limits of the colloidal range as arbitrary, based 
mainly on the historical development of this field of science and, 
specifically, as a result of the discovery of the ultramicroscope. 

Keeping these statements well in mind, it is only logical to ask 
for what good reason phenomena exhibited by most varied sub¬ 
stances have, if present in a middle degree of dispersion, resulted in 
a new and today practically independent branch of science. 
Wo. Ostwald* argues this point even more predsely when he asks 
if it is not really surprising to base the fundamental definition of 
a science on a stereometric dimension, e.g., the degree of disper¬ 
sion, especially when one must admit that the dimensions under 
consideration have arbitrary limits. Unless variations in degree 
and type of dispersion cause characteristic changes other than 
simply stereometric ones, it would seem as illogical to base 
thereon a new branch of science as it would be to develop a special 
sd^ce for an arbitrarily selected range of pressures, temperar 
tures, or the like. As we have previously determined, matter can 
be classified into disperse and difform systems. Therefore, a 
close study of the relation between phydcaJ and chemical proper¬ 
ties and the degree of dispersion or (Moimation should prove of 
special value in determining the existence of properties specifi¬ 
cally or materially pronounced in a limited range of dimensions. 
If such dispersion or difformation functions exhibit a pronounced 

1 KM. Beih., S8, 13jf. (1930). 
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chaage in the colloidal r^ge, then the development of a special 
branch of science seems justified.* 

Dispbesion Aim Dippobmation FtmcnoNS 

Neither of these two functions is linear. K we 
representing changes in certain properties, as, for instance, hght 
representing onaug absorption, electric conductivity, 

color strength, electric resistance, 
and rate of diffusion, gainst the 
degree of dispersion or difformation, 
we find that in most cases they ex¬ 
hibit characteristic maxima or 
Tninima. or are of h 3 ^erbolic nature. 
COLLOIDAL RANGE If we sum up in a few examples in 
Fio. 8.— Dispemon and diffonna- foUowir* pages the three possi- 

tion functions. dmonstrated, we find that 

the maxima or minima, or the apex of the hyperbola, is generdly 
located either in the range of colloidal dimensions or at their 

upper or lower limits (Fig. 8). mi /-i i. 

Physical Functions of Degree of Disperdon.— Thomas Grah^ 
based his differentiation between colloidal and crystalloidal 
matter (see Chap. I) chiefly on the rate of diffusion. It is knwn 
this rate increases with decreasing molecular si 2 ie. ine 
mathematical evaluation of this function, which, assumi^ 
particles of spherical shape, has been experimentally proved to be 
correct, was worked out by A. Einsttin and M. v. Smoluchowski 
in thtir clasdcal contributions to the theory of the Brownian 
motion (see page 227). We obtain the following relation: 



D = 


BT 


N-Zd--K-ri 


where D = coefldent of diffusion. 
d — diameter of particle. 
ij = viscosity of disperaon medium. 
N = Avogadro’s figure = 6.06 • 10®*. 
J2 = gas constant = 8.319 • lO'*. 

T = absolute temperature. 

* See Wo. OsTWALD, KcU. Beih., 42,109 (1986). 
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The following table (III) shows the relation between particle 
diameter and coefficient of diffusion as calculated in accordance 
with the Einstein-Smoluchowsld equation. 


Table IIIi 


<t> mu 

DIO' 

<l> mu 

D-IO' 

<f> m/4 

1 D -10* 

0.1 

4.26 

1 

0.425 

10 



2.13 

2 

0.213 

20 

0.0213 

0.3 

1.42 

3 

0.142 

30 

0.0142 

0.4 

1.06 

4 


40 

0.0106 

0.5 

0.85 

5 

0.085 

50 

0.0085 

0.6 

0.71 

6 

0.071 

60 

0.0071 

0.7 

0.61 

7 

0.061 

70 

0.0061 

0.8 

0.68 

8 

0.068 

80 

0.0058 

0.9 

0.47 

9 

0.047 

90 

0.0047 

‘ 1.0 

0.425 

10 

0.0425 

100 

0.00425 


I The calculations are based on a temperature of 20^C. 


If we plot this function (Mg. 9), we obtain a hyperbolic curve 
with its apex at a particle diameter of about 0.5 to 1 mjtt. Here 
we have a case where a pronounced 
change in one property of the system 
takes place at the lower limit of the 
colloidal range. Since it has been shown 
by referring to Graham's own words in 
his paper on silicic acid that the terms 
^'colloids" and ^^crystalloids” were in¬ 
tended mainly to differentiate between 




0 2 4 

PARTICLE SiZ£,DIA. INmjyi 
dialyzable and nondialyzable systems Fig. 9.—Particle size versus 
and were not intended to exclude crys- of diffusion, 

tals of colloidal dimensions, the foregoing data prove that 
Graham's differentiation was amazingly correct.^ 

The relation between Brownian motion and particle size and 
the sedimentation equilibrium of disperse particles also shows a 
similar trend in their curves (see page 2^). As we shall see 
later, coagulation is one of the most characteristic phenomena 
of colloidal systems. The reason why this phenomenon is so 
pronounced in the range of middle discontinuities can be explained 


^ See R. Aubbbach, KoU, Zeit, 8ff, 202 (1924). 
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as the sum of several dispersion fimctions.^ Disperse particles 
are influenced by thermal agitation, gravity, and molecular 
cohesion forces (van der WaaJs’ forces). The thermal movement 
of disperse particles decreases with increasing particle size, and 
gravity increases; the van der Waals’ forces do likewise. With 
extremely small particles the thermal movement will overbalance 
the tendency of the particles to cohere. Gravity is of negligible 
influence in 83 ratems of extreme degree of dispersion. When 
dealing with a suspension of comparatively large particles 
(microscopic dimensions}, the influence of the thermal movement 
decreases more and more, so that the cohesion forces become more 



COLLOIOAL RAN6E PARTICLE SIZE.DIA. IN 


Fig. 10.—^Factors influenoing Fig. 11.—Solubility of 

the stability of <lisi>ersiou. 1, gsrpsum versus particle 

van der Waals* forces; 2, sise. 

thermal motion; 3, gra-vity; 4, 
resultant force. 

and more predominant. However, in these latter systems 
gravity can no longer be neglected. The particles are pulled 
down by gravity and taken thereby out of the danger zone before 
collisions can result in permanent coherence. 

In the middle range of discontinuities, the resultant of these 
three effects shows a pronoimced maximum (Pig. 10), which fully 
explains stability of colloidal dispersions in general and coagula¬ 
tion in particular. (The' importance of these deductions will be 
more fully appreciated after detailed consideration is given to the 
chapters dealing with molecular- and electrokinetics of colloidal 
systems.) 

Another hyperbolic function having its apex at the upper limit 
of the colloidal range is, for example, the relation between 
solubility and particle size. Figure 11 demonstrates the sudden 

1 A. V. BitzXoh, ‘‘KoUoidik,” p. 39, T. SteinkopfiF, Dresden, 1936. C'Col- 
loid Systems,^^ p. 37, The Tedmical Press Ltd., London, 1937.) 
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increase in the solubility of gypsum, as determined by Jones and 
Portington, as soon as the particles are of colloidal dimensions. 

By taking a piece of gold and rolling and hammering it down 
to sheets of extreme thinness, we find that it loses its strong 
ability to reflect light rays, which is synonjrmous for opacity. 
At a thickness of about 200 mji, gold has lost its yellow shine and 
becomes translucent with a green, color. Similar results are 
obtained with silver and other metals. If we continue such 
difformation or dispersion, we ultimately obtain perfectly trans¬ 
parent systems of brilliant colors. For instance, colloidal gold 
dispersed in glass will produce with decreasing particle size color 
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A 


Fig. 12.—Light absorption 
and particle size. X, wave 
length. 



0 200 400 600 800 

PARTICLE SIZE, OIA. IN nw 
Fig. 13.—^Turbidity and particle 
size. 



variations ranging from brilliant blue through violet to deep red. 
5 =liTni1fl.r changes can also be observed in dispersions of sulphur and 
other nonconducting elements. Figure 12 shows the changes in 
absorption of light of different wave lengths by sulphur particles 
of varying size, according to N. Pihlblad. 

Sulphur sols show pronounced changes in their color with 
decreasing particle size in the colloidal range. The variations 
pass from orange through violet to blue and finally to gray.^ 

We also know of substances that materially change their 
optical properties with degree of dispersion, even if they do not 
absorb light in the visible spectrum. Barium sulphate shows a 
pronounced of turbidity in the colloidal range.* The 

change is schematically ^own in Fig. 13. 

1R. Axjbkbach, KoH. Zeit., 27, 223 (1920). 

* H, BmcHHOiiD, and F. IToS. Zeit,, 81, 70 (1922). P. Hsblbb, 

ibid., 41, 366 (1927). 

* 
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If we consider the reciprocal function, for instance, i.e., the 
transparency of a suspension of zinc oxide in oil, in relation to 
particle size, we obtain a ts^pical minimum curve in the colloidal 
range, as shown in Mg. 14.' 

One of the most interesting dispersion functions is the hardness 
of carbon. Mgure 16 shows the results obtained by Else 
Koch-Holm.* 



PARTICLE SIZE, DIA. PARTICLE SIZE. DIA. in mu. 

Fig. 14.—^Transparency and par- Fig. 15.—Hardness and particle 
tide size. size. 


W. Fraenkl found that the hardness of silver-copper alloys 
shows a maximum at medium annealing temperature, which 
results in different grain sizes. Frequently, also, we find state¬ 
ments asserting that the electric breakdown of insulators is a 
fimction of their thickness and that a multitude of thin sheets 



laminated together will resist higher 
current densities than a compact piece 
of the same dimensions. However, 
recent researches have thrown some 
doubt on the correctness of such state¬ 
ments. 

Equally important and interesting is 
the coloring and covering power of 


dispersions and pigments. The 
* ‘ Svedberg has proved that gold sols show' 

their strongest color at about 30 tufi (Kg. 16). Most pigments 
wdll show a noticeable increase in covering power in the colloidal 


range. 


A great number of further examples could be enumerated to 
demonstrate pronounced changes in the properties of disperse or 


^ G. P. A. Stuetz and A. H. Pfxjnd, Ind. Eng. Chem.^ 19, 51 (1927). 
* VeroeffenUichungen des Siemens-Komems, (Berlin) 6, 1^ (1927). 
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difform systems in relation to their degree of dispersion or 
difformation. The technical development of the radio industry 
has offered a great number of such functions. For example, it 
has been ascertained that the emission capacity of electrons from 
the cathode in photocells, rectifiers, etc., depends to a large 
extent on the grain size of the oxide or metal particles in the 
layers. It has been foxmd that the thickness of properly func¬ 
tioning CU 2 O rectifiers varies between 0.3 and 30 mju.^ The 
emission of barium cathode 
shows a t 3 npical maximum, if the 2000 1 

barium particles are present in mA 
the colloidal range (Fig. 17).^ 10001 

The photoelectric effect of gold ^ 

layers increases up to a thick- PARTICLE SIZE _► 

ness of 30 m/*.® With platinum Yiq. 17.—^Electron emission capacity 
and silver layers* a maximum and particle si*e. 

photoelectric effect exists when the layers are of typical colloidal 
dimensions. The same has been found to be the case with the 
oxide layers of the alkali photoelectric cells. In this instance, it 
has been ascertained that the efficiency is not the result of the 
continuous layer but of its submicroscopic, colloidal structure. 

Another field of extreme importance in modem industrial work 
is the so-called ^^heterogeneous catalysis.^^ As detailed research 
has shown, the efficiency of a catalyst depends largely on its 
degree of dispersion; and here, again, a maximum is found in the 
colloidal dimensions.® 

A recent survey of this entire field has been published by A. v. 
BuzAgh,’ wherein he discusses further nunierous examples. 

Chemical Functions of Degree of Diversion.—So far we have 
dealt with physical and physicochemical functions of dispersion 


1 W. ScHOTTKT and Ddutschmann, Physikd, ZeU,,, 80, 839 (1929). 

* E. Patai and Z. Tomaschbk, KoU. ZeU,, 74, 253 (1936); 75, 80 (1936). 
»See Ph. Lbnard and A. Bbckbb, “Handbuch der Experimentalphysik,” 

vol. 13, p. 2, Leipzig, 1928. 

^im. 

< R. PoHL and P. Peingshbim, Verh, devi, Physihcd, Oea,, 15, 626 (1913). 
B. Langb, Phyaikal. ZeU,j 81,139 (1930). M. Wildbemann, Zeit, pHyaikal, 
Chem., 60, 70 (1907). 

• St. Rusznyak, Zeit. phyeikal. Chem.f 85, 681 (1913); O. Schmidt, ibid., 
118, 222 (1925). 

'^KoU.ZeU., 77, 172 (1936). 
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and difformation. Do we also know of any purely chemical 
functions in which the degree of dispersion or difformation is a 
variable and where special properties result in dealing with 
systems in the colloidal range of discontinuities? 

Stoichiombtbt and Colloids 

To what extent does stoichiometry apply to colloids? Do 
colloids follow the constant-valency law? In this connection, 
Wo. Ostwald and A. v. Buzdgh^ discuss the chemical composition 
of a simple crystal of cubical shape. 

Since the introduction of x-ray diffraction analysis as a new 
tool in structural research, it has been possible to evaluate what 
is generally known as the “elementary cell,” i.e., that space 
grouping of the smallest number of atoms which build up the 
crystallized substance, which, by repeating itself in the three 
dimensions of space, results in the formation of the crystal.^ 

To those more familiar with the evaluation of x-ray diffraction 
patterns of crystals, it is a well-known fact that the composi¬ 
tion of the unit crystal generally does not correspond to what 
should be assumed on the basis of simple chemical analysis. 
Figure 18 shows the elementary cell of sodium chloride and fluor¬ 
spar, respectively, as computed from x-ray diffractions. We find 
that in the former the proportion of chloride to sodium ions is 
14:13 and that in the latter case the proportion of calcium to 
fluorine ions is 14:8. By chemical analysis, or stoichiometrically, 
the proportion should be 1:1 or 14:14 for sodium chloride and 
two fluorine ions to every calcium ion for calcium fluoride, instead 
of CitFs of the unit crystal. The reason for this discrepancy 
has been discussed by F. Binne,* who remarked that since the 
elementary cell repeats itself in all three directions of space, the 
structural units belong to a number of adjacent cells as well. 
Therefore, with an increasing number of elementary cells, the 
discrepancy between stereometric and stoichiometric composition 
decreases. This means that with increasing size of the crystal 

1/6^,47,814(1929). 

> For dete^ concerning x-ray analysis of crystals and methods applied, 
see Appendix, p. 244. 

’ “Die Eiistalle als Vorbilder des feinbanlichen Wesens der Materie,” 
Berlin, 1921. 
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the microstructure must approach the composition of the crystal 
as found by chemical analysis. 

In Table IV, the first column gives the number of elementary 
cells placed along one edge of the. cubical cr 3 rstal under considera¬ 
tion; the second and third 
column contain the number of 
respective ions of such cr 3 rstal; 
the fourth shows us the ionic 
ratio; and the last column con¬ 
tains the length of one cubical 
edge in millimicrons. 

A graphical presentation of 
these data gives a cmrve of hy¬ 
perbolic type with its apex in the colloidal range of dimensions. 
This means that the transition from purely stereometrical to 
stoichiometric composition takes place in the colloidal range. 
A. V. Buzdgh calculated the minimum size necessary to obtain 



o Na *01 • Ca o F 

Fig. 18.—Unit cells of crystals. 
Naa - 13:14; CaFi - 14:8. 


Table IV,— ^Thb MiceostrxtctxtkaIi Composition op NaCl and CaFi 

Crtstalsi 
Common Salt 


n 

Na 

Nn. 

No/Nn. 

Length of edge 
in millimicrons 

1 

14 

13 

1.076 

0.563 

5 

666 

665 


2.815 

10 

4,631 

4,630 

1.0002 

5.63 

20 

34,461 

34,460 

1.0000 

11.26 

00 

00 

00 

1 



Fluorite 


n 

Nc 

Nf 


Length of edge 
in millimicrons 

1 

14 

8 

1.749 

0.62 

2 

63 

64 

0.984 

1.24 

5 

663 

1,000 

0.666 

3.10 

10 

4,631 

8,000 

0.578 

6.20 

100 

4,060,301 

8,000,000 

0,507 

62.00 

500 

501,501,501 

1,000,000,000 

0.501 

310.00 

1,000 

4,006,003,001 

8,000,000,000 

0.5007 

620.00 


1 'W^o. OwrwAtiD A* V* BmAGH, JSTofi. ZeU*, 314 (1929). 
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different crystal types of stoichiometric composition and thus 
materially strengthened this seemingly paradoxical but neverthe¬ 
less exceedingly important fact. His results are contained in 
Table V. 


Table 


Lattice type 

Number of 
elementary 
cells — n* 

Length of 
edge in milli¬ 
microns 

Rock-salt type. 

1.2 • 10» 

8 to 14 

Fluorite type.. 

4.5 • 10< 

300 

Caesium chloride type. 

1 • 10* 

400 

Cuprite type. 

1 • 10* 

400 

Rutile t 3 rpe. 

0.5-1 • 10* 

300 



1 A. V. BttzAoh. “Colloid Syatems/* p. 47, The Technical Press, Ltd., London, 1937. 


These considerations show that the ionic composition of a 
crystal can vary noticeably with changes in particle size and that 
this effect is most pronounced in the colloidal range. Since 
x-ray analysis of crystals of colloidal dimensions has so far 
never revealed any noticeable distortion of the lattice, it seems 
fully justifiable to discard the theoretically possible assumption 
that elementary units are always present in such numbers that 
stoichiometric demands are fulfilled. The assumption that 
crystals of colloidal dimensions differ from larger sized crystals 
by having a composition at variance with the stoichiometric one 
seems to be more satisfactory. Although this fact is rarely con¬ 
sidered in classical chemistry, its logical interpretation leads us to 
the further assumption that the surface of colloidal crystals must 
consist to a large extent of chemically unsaturated or imevenly 
combined building elements. These must exhibit a high potential 
of unsaturation, and this is satisfied by adsorption of compensat¬ 
ing ions from the environment. This deduction offers a simple 
explanation as to the extreme eflSciency of matter in the colloidal 
state as adsorbents. If compensating ions are not available, or if 
the colloidal matter is present in high concentration, rearrange¬ 
ment of the building units will take place m time, until stoichio¬ 
metric equilibrium is reached and a system of a miuiTYm m free 
energy is obtained. So, for example, is the aging of disperse 
systems frequently accompanied by a noticeable change in the 
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analytical or stereometric composition imtil a state of stability 
has been reached. 

This concept has received valuable support in A. Smekal^s^ 
mosaic-structure theory of crystals, postulating the existence of 
a secondary, disperse structure; by the observation of J. Traube 
and P. Klein^ and others, that crystals do not dissolve uniformly 
but first split up into cryBtal fragments of xiltramicroscopic size; 
by the work of D, Balarew* on the chemical composition of very 
fine precipitates and their purification, where attention is drawn 
to the importance of foreign ions present in the system (these 
have so far too frequently been considered as indifferent); by the 
numerous contributions to the relation of base exchange of clay 
minerals to particle size;^ etc. 

However, there is another field in which the deductions just 
discussed are of primary importance. It is the chemistry of 
natural and certain S 3 nithetic colloids. Such colloids, for 
instance, are the proteins, polysaccharides, cellulose, rubber, and 
the majority of natural and S 3 mthetic resins. By organochemical 
analysis the chemical composition of most of these natural sub¬ 
stances has been ascertained long ago. But a s 3 mthesis of the 
ultimate building unit has failed to produce a substance corre¬ 
sponding in properties to the natural product. For example, we 
Imow that the ultimate building unit for rubber is isoprene 
(CsHs), a liquid. Only when these building units aggregate, 
condense, or polymerize to form particles of colloidal dimensions 
do we approach substances with properties similar to the natural 
product. This infers that, upon destruction of the colloidal 
condition, the essential characteristics, are simultaneously 
destroyed. It furthermore demonstrates that to synthesize 
such substances or substances of similar properties a purely 
molecular-chemical consideration is insuflS.cient. If one wants to 
reach the goal successfully colloidal considerations can no 
longer be omitted. 

EqXJILIBBIIJM and NONEQXTILIBKItTM SYSTEMS 

As remarked previously, classical physicochemistry is based 
on the existence of molecules that are uniformly but haphazardly 

1 Ann. Phys., 88 , 1204 (1927). 

* KoU. ZeU., 29, 236 (1921). 

*KoU. Beth., 80, 249 (1930); 82, 206, 304 (1931); 88, 279 (1932); 84, 441 
(1932); 87, 180, 324 (1933); KcU. ZeU., 68, 265 (1934). 

^ S^, e.g., E. A. Hauseb and C. E. ]^ed, J. Phys. Chem., 41, 911 (1937). 



54 


COLLOIDAL PHENOMENA 


distributed in space. The gas laws and the laws of dilute solu¬ 
tions postulated by van't Hoff are applicable to these physico¬ 
chemical molecules. In this connection, the molecule must be 
considered as the smallest structure of matter that still exhibits 
all the properties characteristic for the compound. The further 
rigorous evaluation of this basic concept does not need to con¬ 
sider stereometric dimensions as being of primary importance. 
Temperature, pressxire, concentration, and chemical composition 
of the molecule are the four variables essential for a complete 
definition of such a system. It is clear that such a definition can 
hold only if the system is in perfect equilibrium. However, if no 
equilibrium has been established, i.e., if some of the properties 
of two systems differ, although the previously mentioned 
variables are constant in both systems, classical chemistry 
logically must assume a different structure of the molecule. But 
it is just this nonequUibrium condition that very often causes 
specific properties, especially in colloidal systems. 

In the foreword to the English translation of A. v. Buzdgh’s 
book,^ Wo. Ostwald gives the following excellent examples for 
this point of view. If a piece of bread reaches equilibrium in a 
physicochemical sense, we consider it as stale. A piece of steel 
in physicochemical equilibrium is described by the specialist as 
‘'fatigued,^' An emidsion, according to the classical definition 
of heterogeneous systems by J. W. Gibbs, would be considered 
to be in a true state of equilibrium when it has broken, i.e., when 
the value of the energy and entropy contained in the interfaces 
is negligible compared with their values in the two bulk phases. 
However, then the system is technically valueless and scientifi¬ 
cally only of questionable interest. 

Classical Laws of Physicochbmistry and 
Colloid Systems 

The reasons have previously been discussed why the phenome¬ 
non of coagulation is a specific characteristic of colloidal systems. 
With increasing particle size of suspensions or emulsions, the 
probability that the particles will cohere to each other as long as 
they are suspended or emulsified in the system is diminished, 
owing to the effect of gravity or creaming. Coagulation of very 
coarse falling particles (termed orthokinetic coagvlation by G. 

1 Op. cit. 
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Wiegner) is increasingly prevented by the influence of gravity 
as coarseness increases. The validity of van’t Hoff’s laws, 
therefore, becomes more and more questionable as the particle 
size increases through the enture colloidal range. The same 
happens when applying other classical physicochemical laws to 
colloidal systems. Another example is the electrochemical 
behavior of colloidal solutions in which the particles possess an 
electric charge. Since, in electrophoresis, quantities of electricity 
are transported by the migrating particles just as in electrol 3 rsis, 
the colloidal particle has frequently been termed a colloidal ion. 
However, Faradasr’s law is not valid in colloidal solutions—a 
point discussed exceptionally well by Wo. Ostwald.' For 
example, equal parts of the disperse part by no means carry equal 
parts of electricity. The quantities that they carry differ 
depending on particle size and on the nature and concentration of 
foreign ions present in the ssratem. 

The application of the concepts of homogeneity and hetero¬ 
geneity, so fimdamental in the classical phase rule, does not hold 
in the case of colloidal systems. This is clearly evident by a 
careful perusal of J. Willard Gibbs’s* own words: 

We started, indeed, with the assumption that we might neglect the 
part of the energy, etc., depending on the surfaces separating hetero¬ 
geneous masses. Now, in many cases, and for many purposes, as, in 
general, when the massw are large, such an assumption is quite legiti¬ 
mate, but in the case of these masses which are formed within or among 
substances of different nature or state, and which at their first formation 
must be infinitely small, the same assumption is evidently entirdy 
inadmissible as tiie surfaces must be regarded as infinitely large in 
proportion to the masses. . . . 

Colloids are s 3 rstems exhibiting as one of thmr most out¬ 
standing characteristics surfaces extremely large in comparison 
to their mass. Therefore it seems valueless to try to apply to 
colloidal systems the phase rule in its classical form. 

Another case where fimdamental ph 3 rsicochemical laws fail to 
apply to colloidal s 3 rsteins occurs in the laws of Gay-Lussac—^in 
particular, the second law, which states that true solubility is 

> KoO. ZeU., 7 ,132 (1910); 82, 1 (1923). 

> Trans. Conn. Acad. Soi., 8 , 108,228,343 (1874-1884). See also W. F. A 
Yonkub, Kott. Zeit., 8,16 (1911); 10,120 (1912). £. H. BOcmmit, ibid., 
14, 2 (1914). 
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independent of the amount of solute present. This law, which is 
valid for the formation of true solutions, has been replaced in 
colloid chemical systems by the ^^rule of dispersed amount^' 
{Bodenkoerperregel) postulated by Wo. Ostwald and A. v. 
Buzdgh.^ (For further details in regard to this rule, see 
page 167.) 

The foregoing examples have been taken at random and by no 
means can be considered as forming a complete picture of the 
discrepancies from classical scientific laws displayed by colloids. 
Innumerable further examples, chosen either from purely 
scientific research or from applied colloid chemistry, could be 
offered to substantiate further the imdeniable fact that many, 
and generally the most, characteristic properties of colloidal 
systems can be neither explained nor deduced on the basis of 
classical physicochemical reasoning. This is by no means aston¬ 
ishing to those who are sufficiently objective in their deductions 
to admit that these physicochemical laws have been based on 
systems in which there is no functional relationship between the 
properties of the entire system and the degree of dispersion or 
difformation of one part thereof. 

After its epoch-making development, being linked forever with 
names like J. W. Gibbs, van’t Hoff, Svante Arrhenius, Wilh. 
Ostwald, W. Nernst, and many others, physicochemistry has 
become more and more a typical representative of what is 
generally termed exact science. Mathematical interpretation 
and deduction have become of increasing importance to physico¬ 
chemistry, and all efforts of the past decades have centered 
around systems which, being in equilibrium, permit the applica¬ 
tion of such methods. In contrast, the colloid chemist and 
physicist is dealing with systems that at present in the majority 
of cases do not permit rigid mathematical interpretation. It is 
a deplorable fact that many physicochemists still take the 
attitude that colloid chemistry should be disregarded because 
it is a waste of time to work with systems that, according to 
their training, can rarely^be mastered by mathematical equa¬ 
tions. It is likewise deplorable that specialists in the colloidal 
field assume that physicochemistry can be fully neglected in the 
science of colloids. These attitudes unquestionably have 
created a tension between these two extreme lines of thought 
^KoU. ZeU., 41, 163, 169 (1927); 48, 216, 220 (1927); 48, 33 (1929). 
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which must be overcome if further development is not to be 
seriously hampered. 

Innumerable facts prove that colloidal systems have an array 
of specific properties to their credit which clearly distinguish 
them from both the physics of visible matter and molecular 
chemistry. Hence an autonomous treatment becomes justifiable 
and essential, at least as long as we are not in possession of 
general laws applicable to matter present in any degree of dis¬ 
persion or difformation. If we ever desire to be able to interpret 
the phenomena involved in complex colloidal S 3 rstems on a mathe¬ 
matical basis, further refinements in our mathematical technique 
are necessary. It would be inexcusable to fold one’s hands and 
await such improvements or to wait until the laws of neighboring 
regions of dimensions are definitely established and then try to 
extrapolate them to cover the colloidal field. Is it not more 
logical to assist in the erection of the complete building by 
supplying as many bricks of information as can be produced? 

The colloid chemist or physicist has assigned himself the task 
of furnishing all information in regard to the special properties 
and laws of colloidal systems. Lacking for the time being any 
better or more exact methods, his work must be primarily induc¬ 
tive. His second step wiU be to determine if, and how closely, 
the results obtained can be correlated with the laws governing 
all other noncoUoidal systems. 

As with every new development, it is only natural that time 
must be expended in organi 2 dng the field and working systemati¬ 
cally toward the goal. The modem colloid chemist has fully 
realized this responsibility, and during the past years we have 
had ample evidence to prove that systematic research is now on 
its way. The major difficulty to be overcome in the first 
stage of systematic research is to obtain colloidal systems that 
are homogeneous in regard to the degree of dispersion, 2 . 6 ., 
systems in which the particles of the disperse part are uniform in 
size and shape (monodisperse systems). If we once establish the 
various functions pertaining to systems of that t3npe, we shall 
be in a position to approach more intelligently the so-called 
polydisperse sj^tems. Transition into neighboring fields will 
then follow automatically. Such development cannot be accom¬ 
plished in a day; nor is everyone who is earnestly interested in 
coUoidal phenomena adapted to such work. Therefore we shall 
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always have two types of research probleros to consider, just as 
has been the case in any scientific development: the systematic 
probing into the hmermost details of comparatively simple 
systems, and the devotion chiefly to the qualitative discovery of 
new reactions and phenomena.^ Both serve the main purpose 
in their way, and both are equally needed in furthering this new 
branch of science, which, as has been outlined herein, is entitled 
to autonomous treatment by reason of its own merits. 

1 In this connection see, e.g., P. F. v. Wbiuakn, “On the Numerical Data 
of Dispersoidology,” J. Chem. Educ., 3, 373 (1926). R. Kbutt^ Nature, 
June, 1923, p. 827. A. W. Thomas, J. Chem. Edws., 2, 323 (1925). J. W. 
McBaht, CdU. 8ymp. Monogr., 4, 7 (1926); Kdd. ZeU., 40, 1 (1926). 



CHAPTEE VII 

THE PRODUCTION OF COLLOIDAL SYSTEMS 
Dibpbbsb Ststbms 

, In Chap, n, it was pointed out that the colloidal state of 
matter, bemg a general possibility, takes up a position inter¬ 
mediate between the coarse, or microscopic, and the molecular, 
or anals^tical, disperse systems. Therefore, there must be at 
least two ways to produce colloid disperse systems, viz., (1) by 
comminution of systems existing in the state of coarse dispersion, 
such methods being termed diaper sum methods; (2) by aggregating 
or condensing ions, atoms, or molecules until the dimensions 
of such dispersed aggregates have reached the colloidal range, 
such processes being known as condensation methods. We still 
know of methods that can be considered as a cpmbmation of the 
two aforementioned possibilities. The most important of these 
are the electrical methods. 

Whatever way is taken, it is essential that the formed disper¬ 
sions are of sufficient stability to remain in the state in which 
they have been brought. Since the factors governing stability 
will be discussed in detail in the chapters pertaining to molecular 
kinetics and to electrokinetic properties, a further discdstion of 
their importance seems mmecessaiy at this point (see pages 8Qff.). 

DispBBSioir Methods 

Dispersion methods will first receive our attention. In 
gener^, we must distinguish in dispersion processes among 
several classes, depending on the order in which the two basic 
steps of dispersion, viz., disintegration and distribution, follow 
each other. Under the first heading, we can write the subdivi¬ 
sion of an originally compact mass without distributing the 
particles so obtained over a larger volume. Such is the case in 
nil dry disintegration processes, milling, etc., of a solid substance. 
The second possibility would be the distribution of existing 
individual particles in a dispersion medium. Such is the case 

69 
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when producing dispersions from powders or the like. Finally, 
we have instances in which the subdivision of a substance and 
its distribution in a dispersion medium is carried out simultane¬ 
ously. li we grind a nonsubdivided system or a system already 
present in the disperse state into a finer degree in the presence of 
a dispersion medium, t.e., if we perform a wet-grinding operation, 
subdivision is the primary process. On the other hand, if we 
increase the degree of dispersion of an already disperse system 
by further subdivision of the suspended particles or by simple 
dilution, distribution is unquestionably of primary importance. 

The process of subdivision can be considered as the trans¬ 
formation of some kind of energy into surface energy, or one may 
also consider subdivision as work that must be done in order to 
separate the structural units of the substance to be dispersed. 
We can therefore differentiate among various types of dispersions 
depending on the energy involved, as, for example, mechanical, 
thermal, electrical, radiant, chemical. The distribution of 
individual particles in the dispersion medium is a purely kinetic 
process. It is obtained either by mechanical means, such as 
stirring, shaking, and rolling, or by thermal agitation, electric 
repulsion, etc. Besides the term dispersion, we frequently find 
in the literature the term peptization. By this term, its originator 
Thomas Graham defined the solution of a solid substance in a 
liquid which finally resulted in a colloidal solution, aided by the 
addition of a third substance, the so-called ‘‘peptizing agent/' 
The younger generation of colloid chemists^ has amended this 
concept. In its present meaning, peptization covers all dis¬ 
persion processes which, starting from coarse suspensions or 
emulsions, lead to the formation of stable lyosols. Therefore, 
in contrast to the definition of dispersion, peptization covers 
the production of a stable colloidal solution or lyosol from sub¬ 
stances that originally may be present in massive form in which 
the colloidal particles are not preformed, as well as such systems 
where these particles already preexist in the substance to be 
dispersed.^ In this case, the latter substance is a coherent 
colloidal aggregate, which needs only to be brought in contact 

^ See, e.flr., A. v. BttzXgh, ‘‘Colloid Systems,” p. 244, The Technical Press, 
Ltd., London, 1937. 

> In the modem definition of the term peptization, stress is laid on the 
etdbitUy of the produced disperse system. 
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with an appropriate dispersion meditim to go into colloidal 
solution. In this class we may list most of the so-called high- 
molecular organic compounds, e.g., gelatin, rubber, and cellulose, 
which if brought into contact with an appropriate solvent will 
readily go into colloidal solution, because their building imits 
(molecules) are in themselves of colloidal dimensions. 

Mechanical Processes.—^Theoretically, there is no reason why 
dispersions whose disperse part is of colloidal dimensions should 
not be producible by mechanical means. However, mechanical 
methods produce systems containing particles of varsdng sizes, 
the colloidal size being present usually as only a small percentage. 
The amount of matter of colloidal size that can be recovered will 
depend to a large extent on the physical properties of the sub¬ 
stance to be comminuted. ‘ Substances such as silicon, graphite, 
arsenium, or antimony can be ground comparatively eaaly to 
yield appreciable quantities of colloidal suspensions. Substances 
that resist grinding because of their softness have frequently 
been processed satisfactorily after they had been made more 
brittle by extreme cooling. P. P. v. Weimarn* obtained very 
interesting results by rubbing down the substance to be dispersed 
with an indifferent solid, which has the added property of becom¬ 
ing highly dispersed upon being dissolved. If this procedure is 
repeated several times, very satisfactory results can be achieved. 
N. Pihlblad applied this method for the production of aniline 
blue BB.* Later, the same author produced sulphur sols by 
this method and determined the average particle size to be 
120 m/i* A. L. Stein,® assistant to v, Weimam, was the first to 
produce a large number of colloidal solutions by this method. 
A very comprehensive publication on this subject was made by 
S. Utzano.* 

Often we find that the so-called ball, or pebble, mills are used 
to disperse solid matter in liquids and at the same time to decrease 
the fflze of the particles. This method, however, does not permit 

'■ See, e.g., G. Whgbuk, KoU. Zeit., 14, 66 (1914). 

* “ Grondzuege der Dispersoidchemie,” p. 82, T. Stonkopfi, Dresden, 1911. 

* Zeit. phystkal. Chem., 81, 417 (1912). 

* “Dissertation on Light Adsorption and Particle Size in Disperse Sys¬ 
tems,” p. 47, (Thesis), Upsala, 1918. 

‘ AoB. Zeit., 11, 315 (1912). 

•/6td.,S2i 149 (1923). 
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the securing of lai^e amounts of coUoidalized matter as long 
as the pebbles are allowed to drop in free fall on the matter to be 
dispersed. K the speed of rotation is sufficiently reduced, to 
prevent free fall, the efficiency of the mill is materially increased.^ 
This can be explained as a result of the shearing force exerted 
by the gliding pebbles.* 

Colloid Mills.—^The fact that a possibility of producing col¬ 
loidal systems by mechanical means would be of extreme impor¬ 
tance, from a technical point of view, accounts for the unceasing 
efforts to contract adequate apparatus. This resulted in a 
series of nmchines known as colloid mills. Subdivirion in colloid 
tnilla is generally carried out in the presence of a dispersion 
medium. The first instrument of this t 3 q)e, known as the 
Plxmson mill, was originally constructed and described by 
H. Plauson* and later materially improved in collaboration with 
B. Block.* The principal feature of this machine consists of a 
cylindrical container in which a dnun carrying several protruding 
arms is eccentrically located. These throw the liquid which 
cannot elastically escape against appropriate baffies, thus per¬ 
forming an appreciable amount of comminution work.® Plauson 
noticed that extremely high revolutions per nunute were neces¬ 
sary to obtain dispersions of truly coUoidal dimensions. The 
amount of power and the great wear and tear hampered further 
introduction of such devices. Whereas the Plauson mill was 
based on the principle of actually disintegrating the particles by 
strong impact, another type of mill is based more on a shearing 
and tearing effect on the ssretem to be dispersed. The shearing 
occurs as a result of the movement of members of the apparatus 
rotating at high speed, leaving a minute free space between their 
surfaces through which the system is forced to travel. 

One of the earliest constructions is the china, or disk, mill.® 
The system to be dispersed, suspended in .a dispersion medium, 

^ See German Patent No. 641.468 to K. Bergl and J. Reitstoetter. 

‘William H. Wittiitoton, Ind. Eng. Chem., 80, 897 (1938). E. M. 
Undubwood, ibid., 80, 905 (1938). W- A. Eoum, ibid., 80, 909 (1938). 

« Chem. Ztg., 44, 663, 665 (1920). 

. * Zeit. angew. Chem., 9^ 26 (1921). 

• See Gterman patents Nos. 427.076,429.016, and 429.016 for construction 
details. 

'W. A. Lean. Chem. Met. Eng., 80, 676 (1924); Ind. Eng. Chem., 16, 
494 (1924). 
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is introduced into the machine through a hollow shaft A (Fig. 
19) and is projected against a disk B, rotating at high speed. 
The shaft itself carries a similar disk C, which rotates at the same 
speed but in a direction opposite to B. The suspension must 
pass between these two rotating members, with the result that 
its middle layer is subjected to considerable shearing force, and 
the suspended particles are tom apart^ (Fig. 20). A large 
number of different constructions, all of which are based on the 
principle just outlined, have become known. They differ only 
in technical details, as, for example, in the shape of the rotating 



Fig. 19.—Disk mill. A, hollow 
driving shaft through which dis¬ 
persion enters; PiPii pulleys; DxD*, 
driving belts; C,B, rotating disks; 
0, discharge. 



Fig. 20.—iMeohanism of 
disintegration. B,C, rotat¬ 
ing disks; A, aggregates; 
P, dispen^ particles; T, 
turbulence of liquid. 


members, the use of one stationary (stator) and one rotary mem¬ 
ber (rotor), etc. The most widely known representatives are the 
Summar, Kek, Oderberg, Passburg, Block, and Cyclone mills of 
European construction and the Premier (Fig. 210 , 6, c), Hurrdl, 
and Manton-Gaulin (Fig. 22) mills in the Uni^ States. 

Sinnc it is evident that such constructions will always produce 
polydisperse S 3 retems, and since only a small percentage of the 
total solid matter present will be obtained in truly colloidal 
the term “colloid mill” is somewhat misleading and 
should be replaced by “ dispersion mill” or the like. O. Chwala, 
to whom we owe comprehensive treatises on the subject, has 

1 That hydraulic shear is of primary importance is very nicely demon¬ 
strated by an experiment co mm unicated to the author by H. L. Bullodr o 
the Premier Mill Corporation. In running a mixture of heavy ous and 
waxes dispersed in water through the mill at room temp^ture, a very 
viscous paste of a high degree of dispersion was obtained. At elevated tem¬ 
perature, the outflow was thin, and the dispersion poor. 
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Pig 21a.—Premier mill (sohematic). il, rotor; B, stator; C, inlet; R, gauge 
regulator; outlet. 
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termed such systems, which must be considered as transitions 
between microscopic dispersions and colloid dispersions, cloudy 
systems, or mechanical turbidities,^ 

Homogenizers.—^Emulsification must also be considered as a 
special type of dispersion process, as it is the subdivision and 


distribution of one liqmd m 
another. The production of 
stable systems will depend on 
the degree of comminution and 
on the presence of appropriate 
emulsifying and stabilizing 
agents, generally known as 
emulsifiers or emulgators. 
The fundamental reasons for 
their emulsifying action will be 
discussed in the chapter on sur¬ 
face phenomena. The mar- 
chines used in the production 
of stable emulsions are known 
as homogenizers. In principle, 
the liquids to be emulsified are 
simultaneously forced under 
high pressure through nozzles, 
the orifice of which is so con¬ 
structed (Fig. 23) that the 

^Koll. Beih., 81, 222 (1930); 
KoU. ZeU.y 62, 366 (1930); 63, 137, 
266 (1930); 64,117, 243, 368 (1931); 
66, 122, 251, 371 (1931); 66, 117 
(1931). Chapter‘‘Colloid Mills and 
Comminution Chemistry,*‘ in J. 
Alexanubb, “Colloid Chemistry,” 



Fio. 22.—Manton-Ganlin mill (sche¬ 
matic). Bt first-stage gap; C, second 
stage, or back face. 


The material to be treated is ^introduced 
at A and is imp^ed through tiie firsl^stage 
gap B by impdlers located on the front 
rotor face. These impellers also act as cutters 
and riuredders^ breaking down and thorough¬ 
ly disint^ratin^ the material as it passes 
uxrouiB^ In this gap the material rec^ves a 
treatment that is in most cases equiyalent to 
the entire treatmoit riven by otho* mills. 
The impdiling action of the rotor then forces 
material across &e top edge of the rotor and 
down the second stage, or ba^ face C, where 
it reorives another ana finishmg treatment. 
The second stage C is adjustable by means 
of an Rusting dial which is calibrated in 
^ousandths of an in<h. All adjustments can 
be made while the mill is running. 


[. 3, p. 179, D. Van Noatrand Com¬ 


pany, Inc., New York, 1931. 

For more technical summaries on the subject, see J. Rbitst6ttbe, 
“Herstellung kolloider Loesungen anorganischer Stoffe,” T. Steinkopff, 
Dresden, 1931; his chapter “Herstellung kolloider Loesungen” in Libsbgang, 
“KoUoidchemisohe Technologie,” 2d ed., p. 9, T. Steinkopff, Dresden, 1932; 
his contribution in Kuhn, “KoUoidchemisches Taschenbuch,” p. 11, 
Leipzig, Akad. Verlags-Ges., 1936. P. M. Tbavis, “ Mechano-chemistry and 
the Colloid Mill,” Reinhold Publishing (Corporation, New York, 1928. 
A. H. M. Andbbasbn, S. Bbeg, and E. Ejabb, KoU, ZeU., 82, 37 
(1938). G. WbgbiiIN, KdU. Zeit., 14, 65 (1914). 



66 


COLLOIDAL PHENOMENA 


liquids are broken up while being forced through. Another 
construction applies a principle similar to the colloid mill by 
forcing the liqmds in the form of very fine jets against disks 
rotating at high speed, thus causing their complete disintegration. 

In recent years, a new mechanical dispersing method has been 
introduced. In this case, dispennon or emulsification is obtained 
by the use of ultrasonic waves. In principle, a piezoelectric 
quartz plate, placed in an oil bath, is caused to vibrate by apply¬ 
ing a high-frequency alternating current. The frequency of the 
current must correspond to the natural period of 
vibration of the plate. The energy of the vibra¬ 
tion is transferred to the surromding oil, which 
rises above the plate in the form of a fountain. 
If the container holding the dispersion medium 
and the substance to be dispersed is held in this 
foimtain, disperdon takes place. Undoubtedly 
such a method, which permits excellent disper¬ 
sion of a variety of substances, would have the 
advantage that the preparation is not contaminated with any 
foreign matter and is not exposed to any deleterious secondary 
effects. However, so far, the difficulty in procuring satisfactory 
plates of appreciable size and other technical difficulties have 
hampered the application on a larger scale. Nevertheless, a 
closer understanding of the phenomena involved promises an 
interesting development in the near futme.^ 



Fig. 23.—^Ho- 
mogenizer nozzle 
(schematic). 


1 The following literature references pertain exclusively to the application 
of ultrasonic waves in the production of dispersed systems (other applioa- 
tions are not considered): Lanobvin, British Patent No. 145691, 1921. 
Wood and Loomis, PhU, Mag,, 4 (7), 4i7 (1927); Physiol, Rev., 29 (2), 
373 (1927). Schmitt, Johnson, and Olson, J, Am. Chem. Soe., 51, 370 
(1929). (>abdbn, ,Fbbx7ndlich, and Sobllnbb, Zeit. physikal, Chem, (A), 
160, ^9 (1932). H. B. Bull and K. Sobllnbb, KoU, ZjbU,, 60, 263 (1932). 
C. Bondt and K. Sobllnbe, Trane. Faraday 8oc,, 81, 835, 843 (1935). A 
complete summary on the subject matter has been published by H. A. 
Wannow, KoU, Zeit,, 81, 105 (1937). Detsiiled technical data on the pro> 
duction of ultrasonic waves can be found in a paper by H. Fbbundlich, 
F. Rogowski, and K. Sobllnbb, KoU. Beih., 37, 223 (1933); and especially 
in £. Gbossmann’s book ^'IJltraakustik,*’ Lripzig, 1934. H. Fbbundlich, 
Trane. Inet, Chem. Eng. (London), 16, 223 (1937). K. SOllnbb, J. Phye. 
Chem., 42, 107 (1938). J. J. Hermans, PhU. Mag,, 25, 426 (1938). 
Naotasu Sata, KoU, Zeit., 81, 182 (1938). £L Fbbundlioh and D. W. 
Gillinos, Trane. Faraday Soc., 84, 649 (1938). 
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Another field of mechanical dispersion is the production of 
aerodispersoids. The liquids to be dispersed are atomized and 
thrown against disks revolving at high speed. Highly viscous 
liquids or solid substances can be dispersed in this way if they are 
fii^ dissolved in an appropriate solvent. Particle size of the 
resulting fog is controlled by the concentration of the solution 
and the circumferential velocity of the revolving disk. If one 
intends to produce monodisperse systems by this method, one 
can obtain good results by applying a device originally intro¬ 
duced by Regener. The fog or smoke is blown at high velocity 
through a narrowly wound spiral, which causes the larger par¬ 
ticles to be deposited on the walls as a result of the centrifugal • 
forces.^ 

Chemical Dispersion Methods.—^In many cases, coarse 
precipitates can be dispersed into a sol by washing out the elec¬ 
trolytes until complete peptization occurs.* A practical appli¬ 
cation is the process devised by Kuzel,* by which such metals as 
zirconium, thorium, tungsten, vanadium, and platinxim were 
converted into their hydrosols. The metals were alternately 
treated with acidic and alkaline liquids, a thorough washing step 
being interposed between two treatments. This treatment 
formed surface salts, which, upon washing, opened up the 
surface to further attack, by the liquid. The dispersion of 
graphite by thorough oxidation, as devised by H. ICarplus,^ is 
based on the same principle. 

Comparatively little is known in regard to the application of 
other t 3 npes of energy—^with the exception of electricity—in dis¬ 
persion processes. None of them has so far attained any impor¬ 
tance. German Patent No. 387.207 mentions the posribility of 
dispersing metal by raising its temperature until it glows while 
placed in a dispersion medium. A. Scala and M. Traube- 
Mengarim^ state that certain metals such as iron, zinc, copper, 
and nickel can be dispersed simply by prolonged boiling in dis- 

1 See, e.g.y V. KohlschCttbr, KoU. Zeit., 209 (1927). A. StXgbb, 
ibid., 42, 223 (1927), W. L. H. Moll, ibid., Si, 225 (1937). 

» The occurrence of turbid filtrates of CuS, due to excessive washing of 
the precipitate, is an example of this phenomenon. 

• (jferman Patent No. 197.379. 

* Qermau Patent No. 292.729. 

» Ibid., 6 , 66 , 240 (1910); 10, 113 (1912). 
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tilled water. The Svedbei^^ mentions the dispersion of metals 
by radiant energy, as, for instance, ultraviolet light or x rays. 

H. Nordenson* expresses the opinion that the reason for these 
phenomena is primarily a surface oxidation. A method that can 
also be termed thermal is described by I. Nordlund,* in which 
mercury vapor is condensed on a water surface. Bogdandy, 
Boehm, and Polan 3 r‘ obtained satisfactory sols by condensing 
molecular i&ys obtained by cathodic atomization in an appro¬ 
priate solvent. N. SemenofE, A. Schalnikoff, and F. Roginsky* 
evaporate two substances in high vacuum and condense them 
simultaneously on a surface cooled with liquid air. 

Condensation Processes.—If we have a supersaturated solu¬ 
tion or vapor and reduce the solubility by excessive cooling, 
introduction of foreign matter, electrical discharge, dilution, 
or the like, the excess of the dissolved phase will show up as a 
third part in the S 3 rstem. In accordance with the continuity of 
the disperse state of matter, previously discussed, this new 
“phase”must passthrough the colloidal range of dimensions prior 
to becoming a microscopical or visible precipitate. Depending 
on the nature of the system and on the specific conditions causing 
the destruction of the supersaturation, we can not only produce 
but can also maintain the newly formed part in the colloidal 
range. For instance, if we have a resin dissolved in alcohol and 
add water to this system, the solvent power of the alcohol will 
be reduced. The excess of resin will form a new part, which, 
when umng the right proportions, will be obtainable in colloidal 
dimenaons. By the same method, P. P. v. Weimam produced 
sulphur sols from alcoholic solutions, whereas Wo. Ostwald and 

I. Egger* obtained sulphur sols by dissolving sulphur in hydrazine 
hydrate and diluting the solution with water. The production 
of aerosols by condensation of supersaturated vapor or by the 
formation of a disperse part, as a result of a chemical reaction 
in the gas phase, also falls into the same group. 

1/bid., 6,129 (1910). 

» K(M. Beih., 7, 91,110 (1915). 

> KM. ZeU., 26, 121 (1920). 

*ZeU. Phya., 40, 211 (1926). 

‘ Ibid., 88, 738 (1926); KM. ZeU., 48, 67 (1927); 63, 263 (1933). 

*KM. ZeU., 48, 353 (1927). 
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As previously mentioned, an interesting device for the produc¬ 
tion of fogs has been constructed by Eegener^ (Kg. 24). Hot air 
enters through pipe A and passes around the container B, until 
it reaches the surface of the liquid contained therein; tn-TH-ng up 
the vapor, it leaves through pipe C, where a series of electrical 
discharges cause condensation of the 
supersaturated vapor. 

Fogs and smokes are also frequently 
produced in chemical reactions, e.g., dur¬ 
ing the manufacture of sulphuric acid. 

The reaction between ammonia and 
gaseous hydrochloric acid results in the 
formation of an aerosol of ammonium 
chloride.* Aerosols of metallic oxides 
can be obtained by evaporatiog the 
corresponding metal in an electric arc.* 

Reduction Methods. —^The most com- fis. 24 .—production of 

monly used condensation processes are aerodi^ersoidc. A, hot-air 
, , j .. ..V j iTiL ^ °< container; L, liij- 

based on reduction methods. Theoret- uid; c, discharge containw; 

ically, all reducing agents can be used, f’ ^?«Wc connections; z>, 

H I . ,fo8 discharge. 

Most generally known are formal¬ 
dehyde, hydrazine hydrochloride—sulphate or hydrate—in the 
production of gold or platinum sols from salts of the respec¬ 
tive elements. Pure hydrogen has been applied for the reduction 
of silver. Excellent reversible sulphur sols have been produced 
by decomposing sodium thiosulphate with sulphuric add.* In 
the preparation of gold sols, gold chloride is also reduced by pure 
hydrogen peroxide. It has also been possible to produce very 
stable gold sols by reducing the salt at elevated temperature in 
sodium dlicate.' 

Oxidation Processes. —If an insoluble body is formed by an 
oxidation process, colloid disperse systems can be produced. For 

^See H. FsBxnmLiCH, “Kapillarchemie,” vol. II, p. 786, Akad. Verlags- 
Oes., Leipzig, 1932. 

* V. KohlschUttbb, km. Zeit., 42, 209 (1927). 

* G. JAimBB and A. Wikkxi., ibid., 63, 5 (1933); 66, 290 (1933). . 

^M. Rarro, KcU. Zeit., 2, 358 (1907-1908). Tax SvaoBiraa, Kctt. 
ZeU., 4, 49 (1909). 

' C. FBOKDXin, Earn. Gebl., 88,1 (1938). 
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example, if hydrogen sulphide and sulphur dioxide are allowed 
to react upon each other at temperatures around 0®C., colloidal 
sulphur of extremely j&ne particle size is produced.^ Iron oxide 
sols can be obtained by oxidizing iron carbonyl with hydrogen 
peroxide.* 

Hydrolysis.—^Many oxide and hydroxide sols can be produced 
by hydrolysis. The latter can be induced by a temperature rise, 
extreme dilution, dialyBis, or a combination of these possibilities. 

Double Reactions.—So-called double reactions frequently 
also lead to colloidal systems; e.g., colloidal lead sulphide is 
obtained by having hydrogen sulphide react with colloidal lead 
hydroxide. According to Freundhch and Nathansohn,® colloidal 
silver sulphide is obtained by the interaction of silver and sulphur 
sols. If arsenic acid is dissolved in glycerin, and hydrogen 
sulphide is introduced, a highly concentrated arsenium tri~ 
sulphide sol is obtained.^ 

All the sols discussed so far must be considered as polydisperse. 
Iso-(mono-) disperse sols of gold have been produced by R. Zsig¬ 
mondy.® By reducing gold salt with etherial phosphor solution, 
an amicronic nucleus solution was produced, and this added to 
the gold solution to be reduced. The reduction was carried out 
in such a way that the rate of nuclei formation was low. Since 
further reduction takes place on the preexisting nuclei, an iso- 
disperse system is obtained. Similar results with silver have 
been reported by Vogt and Heumann.® 

Electrical Processes.—^When a metal is used for the electrodes, 
and an arc is formed between two pieces of the same metal 
submerged in a liquid, the metal dkperses and forms a sol. 
However, a spectrographic study of this process, originally 
described by G. Bredig, reveals that the metal is first vaporized, 
and the vapor then condensed. It has been found that the best 
results are obtained by applyii^ a direct current of 6 to 12 amp. 
and a potential of 20 to 100 volts. The addition of traces of a 

^ German Patent No. 427.585. This reaction is also made use of in the 
vulcanization of thin-walled rubber goods by the Peachey'^ process, 
British Patent No. 129826/1918. 

* H. PBBmmiiicH and H. P. Zbh, ZeU, physikd. Chem,y 114, 65 (1925). 

» Kdl. ZeU,, 29, 16 (1921). 

* Paxjst, German Patent No. 424441. 

* Zeit, phydk. Chm.f 66, 65, 77 (1906). 

« ZeU. anarg. dOg. Ohm., 162, 163 (1926); 178, 34 (1929). 
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peptizing agent or an electrolyte, with a di- or trivalent anion, 
improves the result. If very stable sols must be obtained, the 
addition of a protective colloid (see page 148) is advisable. If 
easily oxidizable metals are to be dispersed, the addition of a 
reducing agent, such as sodium sulphite, is advantageous. The 
Svedberg has obtained a steadier arc by enclosing it in a quartz 
tube which is immersed in the dispersion medium. The Sved¬ 
berg and E. 0. Kraemer applied alternating current of high 
frequency (10® to 10^ cycles).^ A. N. Fraser and J. Gibbard 
discuss a similar method.^ 

F. Haber, M. Le Blanc, and E. Mueller have transformed a 
series of metals and metalloids into sols by simple electrolysis in 
the presence of an electrolyte in the dispersion medium.® 

The fact that reactions between dilute solutions and those of 
medium concentration most frequently result in the formation of 
crystalline particles (see page 73) has resulted in a number 
of attempts to discuss condensation processes from a molecular 
kinetic point of view, similar to the way De Coppet* and later 
Tammann® discussed crystallization. Both distinguish between 
the formation of seed cr 3 rstals and their growth. When a melt 
is cooled, the freely moving molecules or ions will unite, if thdr 
kinetic energy is suflBiciently small, and form centers of crys- 
tallization or nuclei. Since the kinetic energy depends on the 
temperature of the melt, it becomes evident that crystallization 
will be greater at temperatures well below the melting point, 
when the kinetic energy is suflBiciently reduced. The viscosity 
of the melt increases with decreasdng temperatures, and an 

^ /. Am. Chem. Soc., 46, 198 (1924). See also G. BObjbson and The 
S vEDBEBO, KoU. Zeit,, 26, 154 (1919). W. Naumoff, ibid., 32, 95 (1923). 

S. Miyamoto, ibid., 67, 284 (1934); 69, 179 (1934); 71, 297 (1935); 74, 
32 (1936). 

* Canad. J. Research, 133 (1932). 

’ There are excellent summaries to be had on the production of colloidal 
disperse systems. Besid^ those mentioned in footnote 1, p. 65, the 
following may be added: Wo. Ostwald, ‘‘Praktikum der Kolloidohemie/^ 

T. Steinkopff, Dresden, 1930. The Svedbebo, '^Methoden zur Herstdlung 
koUoider Loesungen,’’ T. Steinkopff, Dresden, 1922. F. V, von Hahn , 
^^Herstellung und Stabilitftt koUoider Loesungen anorganischer Stoffe,^’’ 
Stuttgart, 1922. H. B. Weisbb, ** Inorganic CoUoid Chemistry,*^ John ]Wlley 
<& Sons, Lie., New York, 1933-1937. 

* Ann. Chim. Phys., 6 (5), 275 (1875); 10 (8), 475 (1907). 

^ '^Ejistallisieren und Schmelzen,’^ L. Voss, Leipzig, 1903. 
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increased viscosity counteracts the free movement of molecules 
to a certain extent. Therefore, we must reach a maximum 
condition for nuclei formation at an intermediate temperature, 
as described by Bakhuis Roozebohm.^ The number of seed 
crystals formed in unit time per unit weight of the supercooled 
liquid is termed rate of nuclei formation. The rate of crystalMza- 
tioUy i.e., the growth of a formed nucleus to a well-oriented 
crystal, refers to the second step of the process and also passes 
through a maximum with decreasing temperatures. 

In the case of supersaturated solutions, the conditions are 
somewhat more involved, since besides temperature the con¬ 
centration of the solute must be considered. From the foregoing, 

it is evident that the degree of dis¬ 
persion of a system obtained by 
condensation depends on the rate of 
nuclei formation and rate of crystal¬ 
lization. The greater the rate of 
nuclei formation and the smaller 
that of crystallization the higher 

CONCENTRATION OF SOLUTIONS will be the degree of dispersion of 
Fig. 25.—p. Weimam’s system. Since these rates, in 

the case of solutions, depend on 
temperature and concentration, the degree of dispersion of a 
system obtained by condensation must also be a function thereof. 

If we refer again to v. Weimam^s law of precipitation (see 
page 23) which controls condensation processes, we &nd that 
colloidal disperse systems are obtainable by the interaction of 
very dilute or of extremely concentrated analjHjical disperse 
systems. 

If we prepare solutions of manganese sulphate and barium 
thiocyanate of iV/2000 concentration and mix these slowdy 
together, a barium sulphate sol will result. If we raise the 
concentration to about N/20 and pour the solutions, preferably 
heated, together, a coarse precipitate will settle out rapidly. 
If we increase the concentration further to about 7 JV, a thick 
paste of jellylike consistency results. If traces of this paste are 
mixed with a large quantity of water, a sol, corresponding in its 
outer appearance to the one obtained with solutions of low con- 



1 “Die Gleichgewichte/’ F. R. Vieweg, Bratmschweig, 1901. 
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centration, will be formed. This proves that the individual 
particles of the gel must also be of colloidal dimensions. The 
V. Weimam rule is schematically pictured in Fig. 25. 

X-ray analysis of the three t 3 rpes of precipitates revealed that 
those of the dilute and medium concentrations are of crystalline 
nature, whereas the reaction product of the highly concentrated 
solutions is amorphous. This fact is inexplicable by the De 
Coppet-Tammann theory without some amendment. F. Haber^ 
introduced for this purpose the terms rate of aggregation and rate of 
orientation. On their relation depends whether a newly formed 
body will be crystalline or amorphous. The rate of aggregation 
indicates the tendency of the dissolved substance (solute) to 
form a new phase, whereas the rate of orientation measures the 
tendency to form systems with the least possible free energy. 
The former is a function of temperature, concentration, etc.; 
the latter, a specific property of the solute (dissolved substance). 

With highly concentrated solutions the rate of aggregation 
(nuclei formation) is predominant, thus causing at first the 
formation of amorphous precipitates. Because of the dense 
packing of the great number of suddenly formed nuclei, the 
free movement of the aggregates and still available individual 
ions is mechanically restricted. This results in an extremely 
slow rate of orientation. However, in time, a coarse crystalline 
structure will finally result out of the originally random aggrega¬ 
tion of molecules. If the originally amorphous aggregation is 
immediately diluted, the chances for secondary orientation wiU 
be proportionally diminished, because the chances of molecules 
hitting each other in a way that will result in oriented growth are 
extremely small. A dilute, but stable, amorphous colloidal 
suspension will result. If concentrated, stable, amorphous 
colloidal precipitates are desired, it is necessary to coat the 
formed amorphous nuclei with a protective colloid, e.g., gelatin or 
fatty acids. Such a coat will prevent orientation and crystal 
growth during prolonged storage. In the case of dilute systems 
and slow reaction, the rate of orientation will be predominant. 
The relatively few available molecules can move freely and 
orient themselves. Growth of the crystals beyond .colloidal 
dimensions is impossible owing to lack of more dissolved, crys- 


iBer., 56, 1717 (1922). 
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tallizable matter.. In medium concentrations, the rate of 
orientation is further accentuated; and if elevated temperatures 
are applied during the reaction, this will increase the probability 
that molecules meet in the right position to each other in order 
to link up in crystal-lattice orientation. Therefore a coarse 
crystalline precipitate must result. 



I 


CHAPTEE Vm 

KINETICS OF COLLOIDAL PARTICIES 

ThbBBIAL MoVEMI^T 07 MoLXCrOLBS 

When a substance upon being dissolved forms a highly dispene 
system—a true solution—^then the clasMcal molecular theory 
postulates that the solid substance been dispersed into its 
individual molecules, which are able to move freely between the 
molecules of the dispersion medium. We can picture a colloidfd 
solution in a very similar way, simply by substituting a colloidal 
particle for the individual molecule of the solute, the former, as 
we know, being built up out of many individual molecules of the 
substance. (We speak of a colloidal particle when so many 
individual molecules have a^egated that the dimensions of the 
newly formed unit fall into the colloidal range.) If we take this 
point of view, then an individual particle of a gold sol wotild 
correspond to one molecule in a true solution. The difference 
betw:een true and colloidal solutions, therefore, can be considered 
to exist mainly in the degree to which the dissolved substance is 
dispersed between the molecules of the dispersion medium. 
Thus, the colloidal particle has frequently been termed “physical 
molecule” in contradistinction to the'ultimate units generally 
known as “chemical molecules.” Such definition and deduction 
are in full accord with the points of view that we have taken, 
viz., that there is no sharp line of demarcation between the 
coarser suspensions and true solutions. The colloidal dispertions 
have to be cpntidered as systems characterized by intermediate 
discontinmties. 

The classical theory ascribes thermal movement to all mole¬ 
cules, their speed depending on thtir size. The velocity of a 
colloidal particle should therefore also be intermediate between 
the 'movement of a coarse or noicroscbincally visible particle, 
just gmii.11 enor^h to overcome too rapid sedimentation, and 
individual molecules that caimot be discerned even with the 
most refined optical equipment. Thdr existence, at least from 
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an experimental point of view, is hypothetical. According to 
the classical theory, the molecules move about in an absolutely 
irregular manner, and their arrangement at any time differential 
is that of ‘4deal disorder.” If it is possible to make the colloidal 
particles in a colloidal solution visible or at least prove their 
individual existence and observe the movement that they per¬ 
form, then we actually ought to be able to test experimentally 
the theory of molecular kinetics. 

The Importance op the Brownian Motion 

The Brownian molecular movement permitted such studies. 
Discovered in 1827, it received but little attention at first, 
presumably because the assumption prevailed that the reason 
for this phenomenon was due to external influences, such as 
vibrations or thermal currents. Not until C. Wiener^ pointed 
out that it was impossible to alter the movement by the elimina¬ 
tion of any external influence and expressed the opinion that 
the reason for this phenomenon depended, according to thermo¬ 
kinetics, on the irregular bombardment of the suspended particles 
by the surrounding molecules of the dispersion medium did 
Brown's discovery find the interest and recognition that it 
deserved. G. Gouy^ and Cantoni® strengthened Wiener's point 
of view by very carefully conducted experiments. 

The possibility that the reason for the movement might be due 
to a different rate of dissolution at different points of the particles 
(comparable to the movement of camphor particles on the 
surface of a liquid) was definitely discarded by^ WT. N. Hartley,^ 
who could demonstrate that very small gas bubbles in liquid 
enclosures of minerals also exhibit Brownian motion.® 

Elbctrokinettc Influence 

Another more serious objection to the kinetic theory was that 
the addition of electrolytes can materially influence Brownian 
movement. The theory itself offers no reason why the addition 

^Pogg, Ann. Phyi,, 118,. 79 (1863). 

» J. physique, 7 (2), 561 (1888); C, r. 8oc. Biol, 109,102 (1889). 

* Nuovo Cimento (i^logna), 27, 166 (1867). 

^Proc, Roy. 8oc., 26, 150 (187^. 

‘See also Thb Svedbbbg, KcR. ZeU., 7, 1 (1910). E. F^bth, ibid., 
42,197 (1927). 
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of further ions could influence the impacts of the molecules of the 
dispersion medium on the dispersed particle. The Svedberg‘ 
proved that the reason for the influence which electrolytes 
exercise upon Brownian motion is not connected with molecrdar 
kinetics but is an electrokinetic phenomenon (see page 106). 
This causes the suspended particles to adhere to each other when 
they collide, th\is forming larger particles with reduced velocity 
until finally the particles grow to such an extent by aggregation 
that their rate of sedimentation becomes appreciable. The 
Svedberg demonstrated that in suspensions that had been 
sufficiently diluted so that comparatively few collisions between 
particles occurred, no change in the Brownian motion of the 
individual particles took place, even upon the addition of electro¬ 
lyte, which otherwise would cause aggregation. 
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The Caxtsb fob Bbownian Movement 

Carbonelle and Thirion® substantiated this assumption with a 
series of model experiments. If we take a colloid particle in 
water, the “giant molecule” will 
be surroimded by a great number 
of comparatively small water mole- •.f p 

cules which bombard the particle 

as a result of their absolutely . - , 

. , , . rrv,o Fio- 26.—Brownian motion of 

irregular thermal motion, me paitides. P, colloidal 

impacts will not be uniformly particle; Jtf, molecules of dispersion 

distributed at different time differ- “^^^ows indicate the direotioii of 
entials, so that the particle will be 
submitted to a constant change of 

intensity and direction of the resultant force. (Fig. 26). 
C Nageli* opposed this point of view; according to his opimon, 
a single molecular impact is far too weak to cause a dis¬ 
cernible movement of the particle. The moleci^r mpacts 
are not additive; they occur irregularly from all sides and 
therefore must compensate each other. M. v. Smoluchow- 
ski,^ in his classical contribution to the mathematical evaluation 

I Nova Acta Begiae Sodetada SeienHarum UpsaUenaia, Upsala, 2 (4), 

• Revue dea queationa acienlifiguea, Bruxdlea, 7, 44, 63 (1888). 

»5tto5er. Akad. Wiaa. Muendien, fl, 389 (1879). 

* Ann. Phya., 21 (4), 762 (1906). 
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of the Brownian motion, pointed out that such compensation 
will become evident only if the time during which the particle is 
observed is appreciable. He developed the theory of the Brown¬ 
ian motion from a molecular-kinetic point of view. The middle 
kinetic energy of a particle, which is moved about by the impact 
of the surromiding molecules of the liquid, must in stationary 
condition be equal to the kinetic energy of these molecules. 
Therefore, the particle must behave ae if it were a molecule of a 
dissolved substance. A. Einstein^ came to a very similar deduc¬ 
tion by assuming that discernible particles in Brownian motion 
will exert the same osmotic pressure on an impermeable mem¬ 
brane as an identical number of molecules. 

Diftosion 

For the purpose of simplif 3 dng the understanding of these 
fimdamental theories, it seems appropriate to consider the 
dififusivity of colloids.^ We must assume the colloidal particles 
to be individual molecules being bounced around by the mole¬ 
cules of the liquid in exactly the same way, for instance, as 
sugar molecules in a sugar solution. Diffusivity is the property of 
a substance dissolved in a certain part of the medium to distribute 
itself throughout until its concentration is uniform in the entire 
system. The same phenomenon occurs when a concentrated 
solution migrates into a diluted solution until the concentration 
is the same in both. Theoretically, the colloidal particles must 
also exhibit some diffusivity, which, however, will be negligible 
owing to their low molecular velocity. 

The speed at which a uniform concentration between liquid 
layers of different concentrations is established differs in one 
case to another. Its mathematical expression is the coefficient 
of diffusion. Since the rate of diffusion of colloidal particles 
decreases with their increase in.size, it is advisable to use highly 
disperse colloidal systems when studying the question if FicFs 
law of diffusion also holds for colloidal .systems. This law 
states that the amount of matter passing in a time unit through 
a cylindrical tube,in the direction of the concentration gradient 

^Ann. Phys., 17 (4), 549 (1905); 19, 371 (1906). ZeU. Elektrochem., 
18, 41 (1907); 14, 235 (1908). 

* M. V, Smoluchowski KoU. ZeU., 18, 48 (1916). R. Aubbbach, ibid., 
87.879 (1925). 
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is proportional to the cross section and to the concentration 
gradient at this point. The concentration gradient is the 
difference in concentration at two cross sections of the cylinder, 
separated from each other by a small distance. For example, 
if the distance is 1 cm. and the concentration at one end is found 






Fig. 27.—Diffusion. A, B, identical 
phases but of different concentration of 
dispersed part; C, imaginary cross 
section. 


to be 2 grams per liter and at the other end 3 grams per liter, 
there is. a concentration gradient of 1. The diffusion coeffi¬ 
cient, therefore, determines the 
amoimt of matter passing in 
a unit of time, e.g., 1 hour, 
through a cross section of 1 and 
a concentration gradient of 1. 

A careful evaluation of this 
factor from the point of view 
of molecular kinetics will ma¬ 
terially assist in the study 
of diffusion and of Brownian motion. Offhand, it might seem 
difficult to understand how the one-sided movement of diffusion 
(migration from layers of high to those of low concentration) 
can be caused by such irregular motion as the Brownian 
movement. 

If we consider Fig. 27, assume a decreasing concentration from 
A to B, and study the phenomenon of diffusion at the imaginary 
cross section C, we must admit that the concentration to the left 
of C will be somewhat higher than to its right. Therefore, there 
will be more particles in the close nieghborhood of the cross 
section on its left than on its right side. For the sake of sim¬ 
plification we shall consider only those particles which move 
parallel to the horizontal axes of the cylinder. As^ a result of 
the law of ideal .disorder (probability calculus), half of the 
particles present at the left and right of C will be pushed, in any 
time differential, to the left and to the right. Therefore, in 
every time differential, the Brownian movement will force one- 
half of the particles present on each side of the cross section 
through the plane C. Since we postulated a large number of 
particles to have been originally present on the left side, there 
must be a larger migration to the right. As soon as the number 
of particles on both sides becomes the same, a dynamic equili¬ 
brium has been established, and diffusion comes to a standstill. 
(For a rigorous mathematical evaluation, see Appendix, p. 227.) 
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R. E. Liesegang, in 1896, recorded a peculiar rhythmically 
banded structure obtained when a silver nitrate crystal was 
placed on a sheet of gelatin, which had been impregnated with 
potassium dichromate. The banded structure very closely 
resembles that found in nature in agates, chalcedony, and other 
silicates. The formation of these minerals most presumably 
took place by diffusion of salts while the silicates were still 
present in gel condition. 

A voluminous literature on such banded structures (Liese¬ 
gang rings) resulting from reactions in gels has been accumulated. 
Although a great number of theories as to their formation have 
been offered, none as yet can be considered as really satisfactory.^ 

Osmotic Pebsstjrb 

If we continue to discuss anal 3 rtical disperse and colloid dis¬ 
perse solutions from the same general point of view as before, it 
is essential also to consider the osmotic pressure. (For a detailed 
discussion of osmotic pressxire and its mathematical evaluation, 
the reader is referred to the standard textbooks of physics and 
physicochemistry.) 

It is a well-recognized fact that the osmotic pressure of a solu¬ 
tion is proportional to the number of molecules dissolved in a 
unit volume. It is independent of the nature or chemical com¬ 
position of the dissolved substance. This means that an equal 
number of molecules of different substances, if dissolved in the 
same volume and if measured at the same temperature, will result 
in solutions exhibiting the same osmotic pressure. Since col- 

1 Some of the most important papers are listed below: 

E. Hatschbk, KoU, ZeU,, 10, 124 (1912); 14, 115 (1914). 

E. KtJsTBB, ibid., 13, 192 (1913); 14, 306 (1914); 18, 107 (1916). 

W. P. Dbabpbr, ibid., 14, 163 (1914) in liquids. 

F. KOhlbb, ibid., 19, 65 (1916). 

W. Mobllbe, ibid., 20, 242 (1917); 22, 155 (1918); 23, 11 (1918). 

Mabtin H. Fischbe and G. D. McLaughlin, ibid., 30, 13 (1922). 

H. EXgi, ibid., 33, 284 (1923). 

0. A. SoHLBxrssNiDit, ibid., 34, 338 (1924). 

J. Tbaubb and K Takbhaba, ibid., 35, 245 (1924). 

Wo. OsTWALD, ibid. Erg. Bd., 36, 380 (1925); 40,144 (1926). 

E. B. Hughes, ibid., 72, 212 (1935). 

H. KnOll, ibid., 82, 76 (1938). 

V. Gobb, ibid., 82, 79, 203 (1938). 

K Neumann and V. Costbanu, ibid., 84,130 (1938). 
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loidal particles, if considered as physical molecules, are decidedly 
larger and of greater volume than a true (chemical) molecule, 
their number in a solution of a given weight concentration will be 
materially smaller than the number of molecules in a true solu¬ 
tion. Therefore, it is logical that the osmotic pressure, as 
defined, will be negligible if compared with a molecular solution 
of the same concentration. This explains, furthermore, the 
difficulty of accurately determining osmotic pressures of colloidal 
dispersions.^ In addition, one may not overlook the fact that 
most stable colloidal dispersions contain electrolytes. Owing to 
the concentration of their molecules, these electrolytes by them¬ 
selves may very well cause a decidedly larger osmotic pressure 
than the colloid part of the system. (There are other complica¬ 
tions that must be considered, such as Donnan equilibrium; 
see page 110.) 

Reduction in freezing point and increase in boiling point, 
which are closely connected with osmotic pressure, are, to all 
intents and purposes, immeasurable in colloidal systems. 

Osmotic pressure can also be imderstood as the driving force of 
diffusion. If we substitute in Mg. 27 a semipermeable mem¬ 
brane for the imaginary cross section C and construct it so that 
it can be moved free of friction and does not permit diffusion of 
the dissolved molecules, then the impact of the particles from 
both sides mtist give a resultant force strong enough to push 
the membrane in the direction of S. The osmotic pressure tends 
toward the same direction as the diffusion. The latter has been 
expressed by the coefficient of diffusion, which can be obtained if 
the temperature, the viscosity of the dispersion medium, the 
diameter of the dispersed particles, and Avogadro’s figure are 
known. This important deduction, originated by W. Nemst 
and A. Einstein, has been proved by experimentally determining 
the coefficient of diffusion of a given system and recalculating 
therefrom Avogadro's figure (60.6 ± 0.1 • 10**). Attempts have 
also been made to determine the molecular weight of colloids by 
measuring their coefficient of diffusion. However, it must be 
borne in mind that such results can be considered only as first 
approximations. (For mathematical evaluation of osmotic pres¬ 
sure in colloidal systems, see Appendix, page 228.) 

^ R. S. Imim, Proc. Soc. Exp. Bid. Med., 4, 111 (1907); J. Oen. Physiol., 
20,127 (1907). 
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Inflttbncb of Gkavitt 

So fax we have purposely omitted from our discussion of dif¬ 
fusion and Brownian motion the possibility that external forces 
might further complicate matters. Most important of these is 
gravity, i.e., where the thermal movement of the particles is 
influenced or complicated by gravitational fall or sedimentation. 
Every movement of a particle that happens to be directed earth¬ 
ward will be somewhat increased by gravity, whereas any upward 
movement will be proportionally decreased. Depending on the 
mass of the molecule (particle), we finally reach an eqrdlibrium 
between gravity and thermal motion. Since gravitational 
aecderation is independent of the molecular weight, the molecular 
movement decreases only with the square root of the molecular 
weight. However, the force of gravity is not independent of 
weight; therefore it will become predominant with heavy par¬ 
ticles. Particles where thermal movement cannot overcome 
gravitational movement will not be able to stay in suspension. 
In the atmosphere of the earth, we have to reach an elevation of 
about 3.12 miles to strike a layer where the number of molecules 
per unit volume or where the density of the air is just about 
one-half of its value on the surface of our globe. Yet, if we deter¬ 
mine the height of the layer having half the concentration of the 
bottom layer in a colloidal dispersion, we find that we need move 
only a few microns upward to reach it. 

Jean Perrin was the first to study systematically such sedi¬ 
mentation equilibriums. For his classical experiments he used 
emulsions of mastic and of gum-gutta in water. ^ (The mastic 
emulsions are produced by introducing an alcoholic mastic solu¬ 
tion into an excess of water, whereas one can produce the gum- 
gutta emulsion by simply grmding the resin in water.) He could 
demonstrate that the number of particles (Fig. 28) decreases 
logarithmically with the height and that an equilibrium is set up. 
(For mathematical evaluation, see Appendix, page 228.) In 
honor of the discoverer of this fundamental a^ogy between 

^Compt. rend., 146, 967 (1908); 147, 530, 594 aWS); 162, 1380 (1911). 
Ann. <Mm. phys., 18 (8), 5 (1909). Psbbut-Lottiibuosiib, “Die Atome,” 
Di^en, 1914. j3ee also B. lunr, Zeit. phyriM. Chen., 87, 366 (1914). 
H. FanxTinDiJCH “Eapillarchemie,” vol. I, pp. 488#., Verlag^Ges., 
Leipzig, 1930. C. Baaus, HoB. Zeit., 9,14 (1911). 
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gases and colloidal systems, such sedimentation equilibriums have 
been termed “Perrin atmospheres.” 

If the dispersion medium is of higher denrity thn-n the dis¬ 
persed particles (for example, as is the case in cream), we obtain 
a “reversed Perrin atmosphere,” the equilibrium con d i ti on 
resulting from the interaction of buoyancy and thermal motion. 

The mathematical evaluation of the sedimentation equilibrium 
can be carried out by applying a formula analogous to Halle 3 r’s 
h 3 q> 8 ometric or barometer formula (see Appendix, 
page 229.) On the. basis of the amended equation, 

J. Perrin was able to determine Avogadro’s number, 
after having determined the number of particles in 
two. layers of the S3rstem, the size of the particles, 
their density, and the density of the <hspersion 
medium. Perrin obtained for (N) (Avogadro’s 
figure) a value of 68.2 • 10**. ‘ Westgren* improved 
the optical equipment and obtained for (N)a value of 
60.5 • 10**, which is extremely close to Millikan 'b perrin’s at- 
value of 60.6 • 10**, the latter being considered today as “owhere. 
the most accurate. Nordlund,*U8ingmercury dropletssuspended 
in water, found for (N) a value of 59.1 • 10**. Similar values were 
obtained in highly viscous ssrstems. These eixperiments proved 
beyond doubt that the particles of dilute emulsions behave 
similarly to the molecules of a gas or of a dissolved substance. 
The Brownian motion, therefore, corresponds to what the theory 
of molecular kinetics posttilates. The particles will obey in 
dilute systems van’t Hoff’s law. The emulsified particles may be 
considered as large molecules. Since the mathematical evalua¬ 
tion assumes a system in perfect equilibrium, it is essential that 
particle-distribution measurements should be carried out in 
comparatively shallow containers, as otherwise the time neces¬ 
sary to attain equilibrium is extremely long. According to cal¬ 
culations by Mason and Weaver,* Weaver,® and R. Fuerth,® 
the time to attain equilibrium in a column of 100 cm. bright 

‘ J. Fubbut and J, Bjbbbum, Compt. rend., 162,1569 (1911). 

* Zeit. cmorg. Chem., 98, .281 (1916). 

> Zeit. phytikal. Chem., 87, 40 (1914).. 

*Phye. Bee., 88 (2), 412 (1924).' 

* Ihid., 87, 499 (1926); Zeit, Phye., 48, 296 (1927); 49, 311 (1928). 

* Zeit. Phye., 40, 361 (1926). 
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would be years, approximately, in a watery system contain¬ 
ing particles of 200 m/t diameter and a difference in the specific 
density of the particles and the water of 1. 

Sedimentation Eqtjilibrixjm aot Velocity 

On the basis of the foregoing, it becomes evident that the 
attainment of a sedimentation equilibrium will be the more 
difficult the smaller the dispersed particles are. However, one 
can obtain sedimentation values if one replaces gravity by 
centrifugal acceleration, which, depending on the number of 
rotations and the type of apparatus used, can exert a pull several 
htmdred thousand times stronger than plain gravity. 

The Svedberg and his collaborators in Sweden as well as in the 
United States (H. Rinde, J. B. Nichols, R. FS.hraeus, A. Lysholm, 
E. 0. Kraemer, W. D. Lansing, 0. Lamur, K. 0. Pedersen, 
A. Tiselius, J. W. Williams, etc.) must be credited with the out¬ 
standing contributions in this field. By the construction and 
use of a special type of centrifuge, generally known as ultra- 
centrifuge,^^ they have studied sedimentation rates and equi¬ 
libriums as well as particle-size distribution down to sizes of only 
a few millimicrons. The determination of molecular weights of 
proteins and other organic high-molecular compounds by ultra- 
centiifugal measurements is becoming of increasing importance.' 
Recently a somewhat simpler instrument has been constructed by 
J. W. Beams and E. G. Pickels.^ The fact that centrifugal 
methods are the most accurate for the purpose of determining 
particle size as well as particle-size distribution and the fact that 
they offer simple means of producing monodisperse fractions make 
it understandable why Considerable time and efforts have been 
devoted to the construction of such apparatus in recent years and 
also to the mathematicai evaluation of particle-size determination 
by their use.* 

1 For further details, see, e,g., Lee H. Clark, CoU. Symp, Monogr., 2, 
174 (1925). J. B. Nichols and H. C. Liebb, tWci., 8 , 268 (1925). J. B. 
Nichols, ibid,, 6, 287 (1928). For a recent detailed discussion of the 
development of the ultracentiifuge, its working and use, as well as for a 
complete list of literature references, see The Svedberg, “The Ultracentri¬ 
fuge and Its Field of Research,'^ Ind, Eng, Chem. {Anal. Ed.), 80,113 (1938). 

* Beo. 8d. ImAr. 6, 299 (1936). 

* For a detailed discussion and literature references, see, e.g., £. A. Hauser 
and 0. E. Reed, J. Phys. Chem., 40,1169 (1936). C. E. Marshall, Proc. 



KINETICS OF COLLOIDAL PARTICLES 


85 


Quite recently J. W. McBain^ described a very simple type of 
closed (opaque) ultracentrifuge, specifically constructed for 
laboratory work. 

Instead of determining sedimentation equilibriums, the meas- 
xxrement of sedimentation velocity is frequently applied for 
determination of particle sizes. This is accomplished by the use 
of Stoked formula (see Appendix, page 243). Sedimentation 
experiments, furthermore, permit determining the percentage of 
particles of different size present in one system (polydisperse 
system), or, in other words, ascertaining the particle-size dis¬ 
tribution—^a fimction of increasing importance in the systematic 
analysis of colloidal dispersions. 

The Kinetics op the Beownian Motion 

We can now revert again to a more detailed discussion of the 
fxmdamental laws of the Brownian motion. When observing a 
sufficiently small particle in the ultramicro¬ 
scope, we notice an irregular vibrationlike 
movement of the particle and simultaneously 
a rather apparent transition from one point 
to the other. If we consider that the move¬ 
ment is not restricted to one plane, it becomes 
clear that the projection of this movement 
into the focal plane of the microscope is only a 
very , rough approximation of what actually Fig. 29.—Brownian 

happens. W. Exner* hoped to be able to ^awment^- 
determine the speed of the movement by 
measuring the time that a particle needed to move a pre¬ 
determined distance. However, his calculations resulted in 
much lower velocity than that obtained by calculating it on the 
basis of the kinetic theory. 

A. Einstein and M. v. Smoluchowski applied for their evalua¬ 
tion the displacement of a given particle in a unit of time. As 
middle displacement we simply take the projection of the hori¬ 
zontal displacement on to one axis of a coordinate system (Fig. 

Roy. Soc., A 126, 427 (1930); Chem. Ind., 60, 444, 457 (1931). See also H. 
Gbssnbe, contribution in Kifim’s ^^KoUoidohemisclies Taschenbuch,’’ 
p. 358, Akad. Verlags-Ges., Leipzig, 1935. 

1 J. Phya. Chem., 42, 1063 (1938). 

* Ann. Phya., 2 (4), 843 (1900). 
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29). Perrin determined a great number of displacements in a 
given gum-gutta emuMon. He fotmd that the result obtained 
is in full accord with Maxwell's law of velocity distribution of gas 
molecules. If we detenxdne the average of a great number of 
displacements, we can evaluate the distribution law of particle 
displacements by probability calculus. J. Perrin and Langevin 
demonstrated thdr results graphically (Fig. 30). They recorded 
the various displacements in a system of concentric rings, its cen¬ 
ter being taken as the starting point, and size and direction being 
registered as the distance from the end point to the center. The 



Fiq, 30.—Displacement of gmnrgutta particles. 


space between each circle corresponds to one-fourth of the average 
displacement value. 

l^bability of Displacement.—^The probability with which the 
displacement will vary can be well demonstrated by using the 
so-called “Galton board” (Fig. 31). The bottom of a pan is 
placed at a slight angle to the horizontal plane. In compartment 
C, several rows of nails have been placed. Above, there is a 
storage compartment A, in which little steel balls may be per¬ 
mitted to run out through opening B. Below section C, zone D 
has been subdivided into several compartments. If a sufficient 
number of balls are allowed to run through the rows of nails, we 
find, in full accordance with the probability laws, that meffium 
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displacements will prevail and that, taking the middle axis as the 
criterion, extreme positive or negative values are rare. 

As has already been pointed out, there 
exists a simple relation between average dis¬ 
placement, coefficient of diffusion, and the 
selected time of observation. According to A. 

Einstein^s evaluation,^ we fibid that the aver¬ 
age displacement increases with the square 
root of the time interval between two observa¬ 
tions, or the square of the average displace¬ 
ment is proportional to this time interval (see 
Appendix, page 229). The amazing correla¬ 
tion between theory and experiment can be 
seen from the determinations made by The 
Svedberg on gold sols, with particles 54 mix 
in diameter shown in the table below. 

A. Einstein postulated that the Brownian 
motion is composed not only of a translatory 
component but also of a rotary one. He came 
to the conclusion that a third of the square board. Ay storage 
of the angle of rotation is proportional to the b^; c\ 

time of observation (see Appendix, page 231). ro^ of nails; D. re- 
Again, J. Perrin* was able.to prove that this 
theoretical deduction can be substantiated by tom is Gauss’ error 
experimental facts. 

Finally, it seems of importance to refer to the so-called fluctua¬ 
tion phenomena. When talking about the concentration of a 
colloidal solution, we must realize that we are discussing only 


A 



UXJ 

Fig. 31.—Gal ton 


Time interval, 
seconds 

Average displacement, 
millimicrons 

Observed 

Calculated 

1.48 

3.1 

3.1 

2-1.48 

4.5 

4.4 

3-1.48 

. 5.3 

6.4 . 

4-1.48 

6.4 

6.2 


^ Zeit. Eledrochem,, 14, 235 {1908). 
* Compt. rend.^ 149, 649 (1909). 
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statistical average values; the true couceutration in the smallest 
element of space will constantly fluctuate around the defined 
middle value. The Svedbeig^ determined the changes of con¬ 
centration photographically in intervals of minutes, using a 
gold sol. The following figures are extracted from over 500 
observations recorded, giving the number of particles observed 
in consecutive exposures in the microscopic field used: 

1200020013241231 

1021111311251110 

2331333221112242 

2122612214234524 


. In the mathematical evaluation, we must differentiate between 
“fluctuation number” and “fluctuation velocity.” The former 
defines the relative occurrence of the same number of particles, 
in the microscopic field; the latter, the average time elapsed 
between the appearance of the same number of particles. It has 
been foxmd that in the foregoing experiments the complete 
absence of particles will repeat itself every 9J minutes, one 
particle will be present every 4.8 seconds, two particles every 
6.2 seconds, four particles every 28.6 seconds, etc. The presence 
of 17 particles would give one probability for every 15,000 years. 
These data, which do not fully satisfy van’t Hoff’s laws, were 
later corrected by Westgren,^ who applied a more satisfactory 
optical equipment. His results permitted perfect correlation 
with the theory. He obtmned for (N) an average value of 
10 “ 

Summing up, we can now state that the systematic study of the 
Brownian motion of colloidal systems has contributed only 
indirectly to the practical colloid chemist. However, the funda¬ 
mental importance of these studies to theoretical physics and 
physicochemistry seems to justify their incorporation in a book 
devoted primarily to demonstrating the importance of a sya- 
tematic study of colloidal phenomena and of the benefit to 
natural science in general. 

• ‘The Svbdbbbg and K. iNoum, Zeit. phystkaL Chem., 77, 145 (1911); 
Arhiv fdr Kemi, Mineraiogi oeh Oeciogi, 4, No. 19 (1911). Tlie value for 
(N) averaged 62 • 10**. 

’ Arkio Matem., Atiron. Fyt., 11, No. 8 (1916;. 




CHAPTER IX 

ELECTRICAL PROPERTIES OF COLLOIDAL SYSTEMS 


In the historical introduction it was mentioned that Quincke, 
in 1860, discovered that a great number of substances when 
suspended in water in the form of very small particles tend to 
migrate to one specific pole if an electric field is applied to the 
system from the outside. This phenomenon is known as caia- 
phoresis. Since then, a great number of other phenomena have 
been observed which have found their explanation in the electric 
properties of colloidal dispersions and discontinuities. All 
phenomena that involve the change in charges and that are asso¬ 
ciated with capillary effects, as, for example, adsorption, surface 



Fig. 32.—Meotrophoresis and eleotroosmosU. The colloidal particles in 
a are negatively charged and therefore migrate to the positive pole (anode). (?, 
capillary membrane. 

and interfacial tension, are generally known as capiUary electric 
phenomena. What we are mainly interested in are the electro- 
kinetic phenomena which make themselves specifically noticeable 
at boundary surfaces in s 3 rstems where at least one of the existing 
phases is a liquid. Therefore, we have three possibilities to con¬ 
sider, viz., liquid/liquid, gas/liquid, and solid/liquid systems. 

Besides the aforementioned phenomenon of cataphoresis, in 
which an externally applied potential difference causes the sus¬ 
pended particles to migrate in the direction of that pole which 
carries a charge of opposite sign to that of the particles, three 
further possibilities present themselves (Fig. 32a). 

If we place a capiUary tube or a membrane, which can be 
considered as being built up of numerous capillary tubes, in a 

89 




90 


COLLOIDAL PHENOMENA 


container filled with liquid and again apply a potential difference 
from the outside, the liqxiid will be caused to move. This 
phenomenon is known as electroosmosis (Fig. 325). 

If we force suspended particles to migrate through a dispersion 
medium without externally applying a potential difference, then 
an electric potential difference will be set up in the system by the 
movement of the particles. This phenomenon is known as 
fall potential. 

If we move a liquid against another phase, e.gr., flowing liquid 
through a tube, an electric potential will result. This is known as 
streaming, or flow, potential. 

As examples for these four types of electrokinetic phenomena, 
the following may serve as illustrations. The particles of rubber 
hydrocarbon that make up the disperse part in the natural milk 
sap, or ‘'latex,” of the rubber tree are negatively charged. 
If a potential difference is externally applied, these particles 
will migrate to the positive pole, or “anode,” where they are 
deposited. (This plating out of rubber from its natural dis¬ 
persion is the basis for different patented processes, for the 
coagulation of latex and the manufacture of a variety of rubber 
goods direct from latex.) ^ 

Peat or kaolin pastes have the property of firmly retaining a 
comparatively large quantity of water. To eliminate this 
tightly held water, the system is placed in an electric field. The 
solid peat or the solid kaolin particles act as the stationary 
membrane, thus causing the water contained in the capillaries 
of the structure to migrate toward the cathode, or negative pole.® 

Extremely fine solid particles if allowed to move rapidly 
through air or the like will become noticeably charged. This is 
the basic reason for most dust explosions. 

Water being sprayed through air will also exhibit fall potential. 
P. Lenard^ demonstrated that the potential difference between 

IT. CocxBRiLL, British Patent No. 21441/1908, 6854, and 5866/1909. 
CuNOxrrT, Rubber ReceuU, p. 877 (1914). S. E. Shbppabd and W. Ebbblin, 
U.S. Patent No. 1,476,374,1922. P. Klein, U.S. Patent No. 1,648,689. 

* Eleotio-Osmose, A. G., German Patent No. 179.086/1903,181.841/1906, 
262.370/1911, 263.464/1912, 272.383A913, etc. For a detailed disonssibn 
of the process, see, e.g., the contribution of E. W. Mater in liesegang, 
‘‘KoUoidchemische Technology," 2d ed., p. 834, T. Steinkopff, Dresden, 
1932. 

»Ann. P%<., 46, 584 (1892). 
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the top and the bottom of an alpine waterfall can reach several 
thousands of volts. 

The Development op the Double-later Theory 

These four different types of electrokinetic phenomena prove 
beyond doubt that the boundary layers or the interfaces between 
phases possess an electric charge^ or^ in other words, that an 
electric potential must exist at the interface. Primarily, we are 
naturally interested in finding out why and how such an inter- 
facial potential originates and what factors influence the electrical 
properties of interfaces and particularly those of dispersed 
particles. 

As a result of the intermediate location of the colloidal state 
between macro- or microscopic dispersions and analyiiically 
disperse systems, we again find two schools of thought in the 
pioneer days of the study of colloidal phenomena. C. Barus and 
E. A. Sclmeider, G. Bredig, etc., who considered colloids as 
suspensions of extremely comminuted matter, tried to explain 
colloidal phenomena by simply transferring the physical proper¬ 
ties of coarse suspensions to colloids. On the other hand, the 
exponents of the chemical theory, e.gr., J. Duclaux and Wo. Pauli, 
applied the laws of analytically dispersed electrolytes to colloidal 
systems. They consider the colloidal particle to be able either to 
dissociate and act like a true electrol 3 rte or not to dissociate. 

The intermediate position of colloidal solutions between coarse 
and analytical dispersions, if looked at from Wo. Ostwald's 
general viewpoint, necessitates an overlapping of the outstanding 
peculiarities of the two previously mentioned states in the 
colloidal range. However, this immediately offers an explana¬ 
tion why a satisfactory imderstanding of the electrokinetics of 
colloidal systems is possible only by a suitable combination of the 
two cpncepts. 

The Helmholtz Double Layer.—^The purely phjrsical interpreta¬ 
tion is based on the theory of the electrical double layer, originally 
formulated by H. von Helmholtz.^ In simple cases, this double 
layer be regarded as an electric condenser, the potential of 
which is generally termed electrokinetic, or f (zeta), potential. 
It is assumed that the layer consists of two parts, one located at a 

^ Wied. Ann,, 7, 337 (1879). 
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monomolecular distance in the liquid surrounding the particle, 
the other being firmly attached to the wall or surface of the solid 
phase. The former part located in the liquid is considered 
movable. (For mathematical evaluation and connection with 
cataphoretic rate of xdgration, see Appendix, page 231.) The 
general concept of the Helmholtz electrical double layer of a 
colloidal particle or a surface in contact with a liquid is sche¬ 
matically shown in Fig. 33. 

This concept of a compensating charge located in the liquid 
immediately in contact with the parti¬ 
cle explains why a colloidal sol as a 
whole is not an electrically charged 
system and why the individual particle 
cannot be conddered as being statically 
charged. Cataphoresis must be ex¬ 
plained by a stripping off of the mova¬ 
ble part of the double layer. Thereby 
the particle loses its electric neutrality 
and starts to migrate to one of the poles. 
As has been shown, the electrical 
double layer is made up out of ions so 
that we are entitled to consider that cataphoresis and ionic 
migration are in principle similar phenomena. 

The deductions above result in the setting up of oppomng 
electromotive forces. Owing to the fact that the dispersion 
medimn (water) can be conddered as a conductor, we have a 
compensating effect, and the particle moves toward the electrode. 
In the Helmholtz theory, the potential gradient at the interface 
is sudden and necessitates the assumption that the layers carry¬ 
ing opposite charges are separated only by a rn(momolecular 
distance. 

But even without any really scientific bads for doubt, the 
Helmholtz theory becomes questionable if applied to colloidal 
dispersions. The migration as described would call for the move¬ 
ment of a perfectly dry particle through the surroimding liquid. 
This seems to stand in direct oppodtion to any observation that 
one can make by moving any piece of matter through a liquid. 
If withdrawn, this piece will always appear to be coated with a 
layer of the liquid, the thickness of the layer depending on the 
circumstances of the e:^eriment. 



ing of a Helmbioltz double 
layer. 
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Gouy’s Diffuse Double-layer Theory.—Therefore, it must be 
considered as a substantial step forward when G, Gouy^ formu¬ 
lated an amended theory. He assumes that the potential 
gradient is not abrupt but diffuses over a short distance. Hence 
this theory is known as the one of the diffuse double layer. 
H. Freundlich,* who must be credited with the most important 
esperimental contributions to this theory, gives a detailed 
account of the concept. The principal assumption is as follows: 

The charge on the surface of a solid body is distributed in the 
plane of the siuface or can be considered as embedded therein. 
The coimtercharges are located in the surroimding liquid in such 



Fig. 34. —Schematic interpretation of a diffuse double layer according to Gouy- 

Freundlioh. 

a manner that the double layer extends considerably over mono- 
molecular dimensions into the liquid. The part of the double 
layer that is located in the liquid consists of two constituent 
layers: the fibrst one lies in the liquid, which is fbrmly attached to 
the wall or to the surface of the dispersed particle; whereas the 
second is located in the freely movable liquid and extends into 
the solution up to the point where the mean electric charge 
reaches a zero value. In electrokinetic phenomena, the firmly 
attached layer remains motionless, acts as if it would be an 
integral part of the solid wall or dispersed partide. This being 
the case, the liquid does not move against the solid interface but 
against the liquid layer firmly adhering to the interface. Figure 
34 offers a schematic interpretation of the diffuse double-layer 
theory. This theo^ still explains why the particles of a colloidal 
sol cannot be considered as statically charged, and at the same 
^Le Journal de phyjnque et U radium^ 9 (4), 467 (1910). See also J. 
BxxmrzBB, Zejl. phyoikdL Chem., 46, 307 (1903), 

*‘^Kapillarohenflie,'' voL L, 4th ed., pp, 366jf«, <Akadf Vedags-Ges., 
Leipzig, 1930. 
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time it satisfies the objections that were raised against the 
Helmholtz double layer, Fig. 36a. Figure 356 shows that the 
thickness of the double layer is abstract and depends on the charge 
present and the concentration of ions in the surrounding liquid. 



Fig. 36. —Double layers, a, Helnobolta; 6, Gouy-Freundlioh; A, charges 
firmly attached to particle; Ba, charges of liquid layer; B6, ions in liquid layer 
attached to particle; C, thickness of attached layer depending on mean offstand 
distance of ions from solid wall; D, diffuse ions in movable part of liquid. 

The partiole plus the complete diffuse double layw is called a colloidal micelle. 

(See Appendix, page 231, for mathematical correlation with the 
Helmholtz theory.) 

Thermodynamic and Electrokinbtic Potential 


Since it has previously been pointed out that the study of 



A B 

Pig. 36.— e and f potential. A-A, 
boundary solid/liquid; B-B, bound¬ 
ary of attached liquid against free- 
moving liquid. 


colloidal phenomena is specifi¬ 
cally a study of surface pheno¬ 
mena and reactions, and since it 
has been shown that one part of 
the double layer found in the 
liquid is firmly attached to the 
solid interface, it becomes evi¬ 
dent that it is the solid particle 
plus its motionless liquid layer 
that is of primary interest to the 
colloid chemist and physicist. 
If such theoretical deductions 
are correct, then the f poten¬ 
tial, according to the Gouy- 


Freimdlich theory, must differfrom the thermodynamic potential^ 


as measured in galvanic circuits. Figure 36 offers a schematic 


^ Also known as galvanic, or Nemst, potential. For a precise definition, 
see, e.g., W. Nbrnst, “Theoretische Chemie,” iOth ed., p. 749, Ferdinand 
£nke, ^uttgart, 1921. 
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explanation. It is assumed that the surface of the solid wall jg 
represented by the vertical line AA and that in electrokinetic 
processes the double layer breaks off at the vertical line SB. If 


we describe the potential of the __ tssasssa 

solid surface as «o and that of the ja 

interior of the liquid as «j, then ' ^ ^ 

the thermodynamic potential f 

= eo — «i. If we designate i—— _ = .- 

the potential on the line 5B as «)i, a— 

the f potential will be represent- '■ 

ed by f = Ok — ej. The drawing ' \ _ 

furthermore shows that the elec- L —-j 

trokinetic potential can have a . . — 

different sign from the galvanic 

one if the potential curve runs beaker oontaining electrolyte 


through a minimum. 


solution; JS^ normal (calomel) electrode. 


H. Freimdlich, E. Ettisch, and P. Rona^ proved that the elec¬ 
trokinetic potential of glass is different from the galvanic poten¬ 
tial. A thin glass bulb A (Fig. 37), according to the method of 
Haber and Klemensiewicz,^ is immersed in a beaker B containing 
an electrolyte solution whose H+ and OH” ion contents can be 



varied. The glass bulb contained a constant electrolyte solution. 
Into the glass bulb an electrode connected to an electrometer was 
inserted. A normal (calomel) electrode E was inserted into the 
beaker, the electrode beiog earthed. Such an arrangement 
permits the determination of the galvanic potential. !Flgure 38 
shows the changes of the thermoc^mamic potential with different 
concentrations of different electrolytes. The f potential was then 


* SfUAer. Preust. A/sad. Wtss,, 30, 897 (1920); Eeit. phytikoL Chem., 116, 
401 (1925). 

‘ Zeti. phystkcit^Chem., 67, 385 (1909). 
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determined for the same type of glass by measuring flowpotentials 
in capillaries and evaluating the f potential by the use of the 
Helmholtz formula (see Appendix, page 231). The results 
corresponding to the electrolyte concentrations used in Fig. 38 
are given in Fig. 39, which immediately demonstrates the notice¬ 
able difference in results. The outstanding findings can be 
summarized as follows: 

1. The f — c and the « — c curves have an entirely different 
form. 

2. The f potential is less than 0.1 volt; the 6 potential, mostly 
1 volt. 

3. A potential can be detected at interfaces where no e 
potential exists. 



Fig. 39.—^ potential of glass with different concentrations of electrolytes. 

4. In solutions of electrolytes, the c potential depends on the 
activity and valency of one ion, which is the determining factor. 
In contrast thereto, the 1* potential depends on all ions present. 

5. The « potential is altered only to a small extent by a small 
quantity of added electrolyte, whereas the f potential is thereby 
strongly influenced and can even change its sign. 

The effect of electrolytes is controlled by the following rules: 

The anions influence a positive 1* potential in preference to 
cations; they decrease the potential. A negative f potential is 
primarily influenced by cations. The over-all effect increases 
with the valency of the active ion. The so-called “Hofmdster 
ionic series” (see page 132) is applicable. 

As will be seen in the following chapter, these rules are in close 
analogy to those governing ionic adsorption, which justifies the 
assumption that ion adsorption is a vital factor in explaining the 
influence of electrolytes on the 1* potential. 
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Three possible trends for the f-c curves have been found and 
are illustrated in Fig. 40. In a curve of tyi)e 1, the f potential 
passes at first with increadng concentration of added electrolsrte 
through a maximum, then decreases and approaches the condition 
of electroneutrality. Curve 2 defines a system in which the 
absolute value of the f potential decreases continuously with 
increadng concentration of electrolyte. In curve 3, the absolute 
value decreases sharply at first until the isoelectric point I is 
reached. Then the value begins to rise again, but with reversed 
sign of charge, rmtil it attains a maximum, from which time on it 
again decreases. Offhand, there is no 
reason why a curve of type 3 cannot 
be realized with any type of electro- 
l 3 rte; however, with electrolsrtes of low 
valency the isoelectric point is theo¬ 
retically reached only at such high 
concentrations that the dilution of the 
system brought about simultaneously 
makes a charge reversal difficult to 
realize. Therefore, the probability of 
achieving such reversals is increased 
with increasing valencies of the active 
ion. The stability of the coUoidal 
system decreases as we approach the 
isoelectric point. To prevent coagu¬ 
lation before charge reversal is accomplished, it is advisable to 
approach the isoelectric point carefully by adding mono- or 
divalent ions and then to overstep it by the addition of a 
trivalent salt. The presence of protective colloids facilitates 
such procedure. 

Curves of t 3 T)e 1 seem to be responsible for the formation of 
hi^rly dilute tl^otropic gels (see p{^ 216). Curve 2 is the one 
most commonly found and responsible for normal coagulation (see 
pages Curve 3 describes a phenom^on that has been 

known up to recently as the irregidar series. Such cases have 
been reported by B. H. Buxton and O. Teague^ for suspendons 
of certain types of bacteria; by G. St. Whitby,® W. H. C. Bel- 

^ZeU. phyaikal. Chem., 6T, 64, 76 (1907). See also B. H. Btoton and 
Ph. Shaitiib, ibid., p. 47. 

* KoU. Zdt., 12,147 (1913); Agrie. BvR. F.M.S., 6, 374 (1918). 



Fig. 40.—^Possible shapes of f 
potential-eleotrolyte ooncentra- 
tion ourves. I, isoeleotrio 
point; curve 1, for weak (mono¬ 
valent) dectrolytes; curve 2, 
for medium (divalent) eleo> 
trolytes; curve 3, for strong 
(multiv^ent) electrolytes. 
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grave, ^ and H. Freundlich and E. A. Hauser^ for latex of HcDea 
hrasilierms. 

The Fobmation of the Diffuse Double Latbb 

How can one assume the formation of such a diffuse double 
layer at the interface of a solid wall and an electrolyte solution? 
To illustrate this we may consider as an example the precipita¬ 
tion of silver bromide from solutions of potassium bromide and 
silver nitrate. If these are mixed in exactly chemically equiva¬ 
lent proportions of medium concentration, a coarse precipitate 
will form which rapidly settles to the bottom. Yet if the reac¬ 
tion is carried out with low concentrations and in the presence of 
an excess of either one of the reagents, then a large proportion 
of the formed silver halide remains in suspension as a sol. If 
the reaction has taken place in the presence of an excess of silver 
nitrate, we find that the particles of this sol will migrate toward 
the cathode, if placed in an electric field, which means that they 
must carry a net positive charge. On the other hand, if potas¬ 
sium bromide is in excess, we obtain a sol> the particles of which 
are negatively charged. The individual particles, therefore, 
although being identical, chemically speaking, are definitely 
different from a colloidal point of view. The reason for this 
difference finds its explanation in the existence of active and 
inactive areas in the surface of a neutral particle. This thought, 
developed on the basis of the atomic structure of a crystal as 
revealed by x rays, was first postulated by I. Langmuir.* In 
Fig. 41a, we have schematically pictured a vertical lattice plane 
of a neutral silver bromide particle, showing the component 
atoms spaced in definite arrangement to each other and held 
together by secondary valence attractive forces. 

Upon considering the silver atom 1 or 2 or any other silver ion 
located in the center, we readily see that it is surrounded by six 
equidistant bromide ions (four in the plane of the paper, one in 
front, and one behind). However, a silver atom lying in the 
surface, as, for instance, No. 3 or No. 4, lacks one bromide ion 
to saturate its afSnity (there are three bromide atoms in the 
plane, one in front, and one behind, totaling five in all). The 

1 McH. Agr. J. voL XI, December, 1923. 

* K6U, ZeU.^ Erg, Bd,, 86 {Zsigmondy Festschrift), 15 (1925). 

> JT. Am. Ckem. Soe., 88, 2221 (1916); 40,1361 (1918). 
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silver atoixis on comers, such as Nos. 5 and 6, lack two bromide 
ions for saturation. If the pictured plane happens to be a surface 
plane, then the comer atoms would lack three ions for satiuration. 

As previously explained, a neutral particle is unstable and will 
cause the formation of a precipitate. But if the reaction takes 



Fig* 41.—The fonnation of a diffuse double layer, a, neutaral silver bromide 
partide; negatively charged silver broznide particle; e, positivdy charged sil> 
ver bromide particle. 


place in the presence of an excess of potasdum bromide, then 
the active spots of the lattice will satisfy thdr unsaturated 
secondary valencies by accumulating negative bromine ions at 
the location of the positive silver ions in the particle surface. 
Chie may naturally argue that the bitomine ions, bdng equally 
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unsaturated, could attract positive potassium ions. That this 
is not the case is explained by the Fa 3 rans-Hahn law, which 
postulates that such ions are preferentially attracted that can be 
incorporated into the lattice structure, or, in other words, ions 
of the same kind. Furthermore, there always wdl be a trend 
to form least soluble matter, and thus the formation of potas¬ 
sium bromide is less probable than the formation of highly 
insoluble silver halide. This reaction, pictured in Fig. 416, 
produces a negatively charged particle, which attracts the posi- 
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Fig. 42 —Schematic arrangement of the diffuse double layer surrounding a 
silver bromide partide. a, negatively charged particle; h, positively charged 
particle; A, surface of particle; B, atta^ed rigid ionic layer; C, imaginary bound¬ 
ary between attadied and movable liquid layer; D, difiise ionic atmosphere in 
movable part of liquid. 


lively charged potassium ions repelling a further excess of anions 
in the solution. In the light of the Gouy-Freundlich diffuse 
double-layer theory, one can visualize the arrangement of ions 
as shown in Fig. 42a. The firmly attached bromide ions form 
the rigid part; the potassium ions, the mobile stratxim. We see 
that the distribution of ions in the rigid stratum is controlled by 
electrostatic energy and by adsorption and also by thermal 
movem^t. The mobile layer is the result of electrostatic and 
thermal action. This alignment results in the formation of a 
double layer carrying, in the case here considered, a net negative 
surface charge. 
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Shoiild the reaction be carried out in the presence of an excess 
of silver nitrate, then we find the reverse case, i.e., the preferential 
attachment of positive silver ions on the active surface areas in 
which unsaturated bromide ions are located. The ionic distribu¬ 
tion resulting is shown in Fig. 41c; and the arrangement of the 
diffuse double layer, in Fig. 422>. 

If we start with a S 3 ratem having a given f potential and add 
electrolyte to the solution, we thereby reduce the f potential, 
because more ions of opposite electric charge are crowded into 
the liquid zone firmly attached to the particle. This results in 
increased neutralization of the net particle charge. The 
the valency of the added ions the stronger will be the infiuence 
that they exercise (Hardy-Schulze valency rule). The 



AS A B . 

Fio. 43.—Changes of the potential, a, f potential prior to the addition of 
electrolyte; d, f potential after the addition of ^eotrolyte. 

of the complete diffuse electric double layer decreases; and if the 
decrease reaches the point where the entire potential drop takes 
place in the liquid zone firmly attached to the particle, the 
f potential reaches a zero value; we have produced an unstable 
system from a colloidal point of view, although the e potential 
still exhibits a finite value (Fig. 43). 

For example, in bringing a pure (electrolyte-free) silver halide 
suspension in contact with an electrolyte solution of increasing 
concentration, such as potassium chloride, a double layer is 
immediately ^rmed. We shaU find chloride ions in the iimer 
layer, whereas in the outer layer the potasdum ions will prevail. 
The preferential adsorption of Cl~ ions is again explainable on 
the bads of the Fajans-Hahn law. Cl~ fits better into the 
AgCl lattice than K'*'. Beddes, the reaction product of Cl~ with 
Ag+ is less soluble than that of K'*' and Cl~. The 1* potential and 
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also the charge will increase until such a concentration of potas¬ 
sium chloride has been reached corresponding to a max i mu m of 
surface saturation with chloride ions (Kg. 44a). Upon further 
increasing the concentration of potassium chloride, increasing 
numbers of potassium ions are forced into the inner layer, thus 
decreasing the charge; at the same time the diffused ions are 
concentrated into a smaller space, thereby decreasing the thick¬ 
ness of the layer. The f potential drops (Fig. 446). Finally, 
the potassium ions become electrostatically bonded with the 
chloride ions, forming a monomolecular electrically neutral layer. 



SOLID SURFACE SOUD SURFACE 
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f - POTASSIUM IONS 
- - CHLORIDE IONS 


C 

Fig. 44 .—Changes of eleotrio charge of partide. a, charging of particle 
(maximum); 6, discharge—drop of ^ potential; c, complete neutralisation » iso- 
deotrio point. 

The isoelectric point has been reached; the system flocculates, 
i.e., forms flocks^'(Fig, 44c)* 

As previously explained, the changes of the f potential do not 
necessarily come to an end at the isoelectric point when we apply 
pol 3 rvalent electrol 3 d;es, c.flr., aluminum salts. In this case, a new 
diffuse layer is formed in which positive aluminum ions form 
the inner stratum, and the negative chloride ions the outer. The 
charge naturally has been reversed (Fig. .45a). With further 
increase of electrol 3 rte the analogy is to one already described, 
finally ending in a second zone of discharge or coagulation, when 
we again have caused neutralization of the net surface charge 
(Fig. 466). 

^Flocks are micro- or macroscopically visible aggregates of colloidal 
particles. 
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Influence of Hydration.—So fax we have entirely disregarded 
the possibility of hydration of the surfaces and of the ions present. 
We have learned to differentiate between hydrophilic and 
hydrophobic sols. One characteristic difference is the fact that 
hydrophilic colloids have no tendency to flocculate at the iso¬ 
electric point, although they admittedly exhibit a minimum of 
stability at this point. The reason for this phenomenon seems 
to be that the stability of a hydrophilic colloid is primarily due 
to its hydration, its electrical charge being of secondary 
importance. 

The flocculation of hydrophilic colloids with alcohol, salts, or 
other dehydrating agents can be explained by the assumption 

+ - 4 + + 

• - -.+ + - 

^ ..... 

INNER UYER-^ Al Al Al Al 4 + + 4 


SOLID SURFACE SOLID SURFACE 

a b 

4 - ALUMINUM IONS 
• • CHLORIDE IONS 

Fig. 46.—Charge reversal, a, charging with -4 sign; 6, discharge-second 
sone of coagulation. 
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that these reagents stroi^y attract water molecules, depriving 
the colloidal particles therefrom. In the case of hydrophobic 
colloids, we may consider the stability of a sol as mainly a result 
of the electrical charge. 

' It been pointed out that the neutral particle is chained 
in the presence of minute quantities of electrolyte which form 
the double layer. Since the ions of this electrolyte are them¬ 
selves hydrated, the particle is not only surrounded by an ionic 
atmosphere but also carries a water hull or layer with it. There¬ 
fore, the electric double layer can be considered as a diffuse 
hydrated or solvated (hydration refers only to systems in which 
water is the dispersion medium) shell of defimte t hi c kn ess, made 
up of the bound dipoles^ of the dispersion medium and the ions 

»P. Dbbtb, “Polar Mdeoules,” Ranhold Publidiiiig C6rporati<m, New 
York, 1929; “The Dipole Moment and CJhemieal Structure,” Blaokie & 
Son, Ltd., London, 1931. See also C. P. Smtth, “Dieleotrio Constant and 
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of the dissolved substance. The individual particle in a disperse 
S 3 rsteni consisting of a charged nucleus, surrounded by a diffuse 
ionic atmosphere, is generally termed a colloidal micelle^ according 
to a suggestion made by J. Duclaux.^ 

Electric charge or the electrokinetic potential and solvation 
are the predominant factors governing the stability of colloidal 
systems. Depending on which of the two is predominant, we so 
far differentiate between hydrophobic colloids in the former case 
and hydrophilic in the latter. That we cannot draw an abso- 
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Fig. 46.—^Electric neutraliaation and dehydration of colloidal particles. 


lutely clear distinction between the two has been demonstrated 
by H. R. Kruyt and his collaborators with the particles of an 
agar-agar sol. Particles of this sol are negatively charged. If 
they are discharged by the addition of smal l quantities of elec¬ 
trolyte, the stability of the sol will be retained owing to the 
presence of the solvated hulls. If a dehydrating agent such as 
alcohol is now added, flocculation occurs. If the sol is first 
dehydrated carefully, we obtain a sol of still noticeable stability. 
However, this sol will exhibit typical hydrophobic properties. 

Molecular. Structure,” Reinhold Publishing Corporation, New York, 1&31. 
N. V. SmGSiCK, ^‘Some Physical Properties of the Covalent link in Chemis¬ 
try,” Cornell University Press, Ithaca, N. Y., 1933. Eirich, Mark, and 
Huber, Pajner FaMkard, 85, No. 27 JT'ecAn. TeU 251 

(1937). A. V. DxjMANBxn, BvUetin de VacadSmie des sciences de V Union 
des Rfyvbligues SooieHques Sodalistes, p. 1166 (1937). B. V. Deryagin 
and M. Ktjsakov, ibid., p. 1119 (1937). T. P. Ttazhelova, Colloid Journal 
of the U. 8. 8. B., 3, 631 (1937). S. M. Ltpatov and P. M. Lapin, ibid., 
8, 721, 729 (1937). 

1 C. r. iSfoc. Bid., 140,1468, 1644 (1906); Kdl. ZeU., 8,126 (1908). 
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being easily flocculated upon the addition of minute quantities 
of electrol 3 rte (Fig. 46). 

Dipoles.—The cause for the bonding of the water molecules 
on the colloidal particle is presumably closely connected with their 
asymmetric structure. The water molecule is of polar nature, 
frequently also termed dipole,” according to P. Debye. This 
means that the molecule is of angular shape, the 
center of gravity for its positive charges not 
coinciding with the one for the negative charges 
(Fig. 47).^ Such dipoles will preferentially 47 -_Dipoiar 
adsorb on such atom groups that are also polar water moiecuief c, 
in character,^ Therefore, similar principles center of gravity of 
can also be applied to sols in organic dis¬ 
persion media. Metal sols will be more stable in liquids vdth 
polar molecules than in those made of apolar ones. 

The Inner Layer.—^Frequently we still encounter the assump¬ 
tion that the inner, or rigid, layer must be considered as a more or 
less perfect coat or '^monoionic layer.” On this assumption 
0. Stem* bases his theory of the dependence of charge distribu¬ 
tion and of the f potential on the concentration of the electrolylje. 
However, later work seems to prove that a uniform distribution 
of charges exists only in speciflc cases and that, in general, the 
rigid layer must also be considered as diffuse. La measuring the 
flow potential through capillaries at different rates of flow 
(pressure), G. Ettisch and A. Zwanzig^ proved that the f poten¬ 
tial varies with the rate at which the liquid is forced through the 
capillary. The f potential increases with increasing pressure, 
tending toward a limiting value. The double layer will break the 
closer to the liquid/solid interface the stronger the mechanical 
influeiLce. This finding has been correlated by A. v. Buz4gh,* 
who could prove that the solvated hull, and thereby the diffuse 
electric double layer, can be noticeably distorted by the applica¬ 
tion of mechanical forces. 

Possibly deviations in the rate of particle migration between 
experimental findings and calculations based on the Helmholtz- 

^ Only the centers of the atoms and ions are given. 

* For a simple discussion, see, s.g., S. J. Febnch, J . Chevn, Educ,f March, 
1936, p. 122. 

* Zeit. Elektrochem,, 80, 608 (1924). 

^ Zeii, phyaikal, Chem., 147, 161 (1930). 

« KoU. ZeU., 62, 46 (1930). 
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Smoluchowski formula can be accoimted for by a distortion of the 
electric double layer when applyii^ very steep potential 
gradients. 


The Stabilitt op Colloidal Dispbbsions 

We have pointed out that the stability of a colloidal dispersion 
is connected with the 1* potentials of the dispersed particles. 
What changes occur in the electric double layer when the f 
potential is altered, for example, by the addition of electrolsrtes? 
According to the Hehnholtz equation (see Appendix, page 231), 
the change can be brought about by a change either in the 
charge or in the thickness or in both. So far we can determine 
experimentally only the change of the potential but not the 
change attributable to one or the other of the two variables. 
Gouy expresses the idea that a decrease in the f potential is 
proportional to a decrease in the thickness of the ionic layer. 
This could explain the drop in the f-c curves (Kg. 40), as no 
change in charge necessarily would need to be considered. 
However, the rising part of curve 1 and the chaise reversal in 
curve 3 would find no satisfactory explanation. H. Freundlich* 
assumes that with small concentrations of added electrolyte 
the t potential increases in accordance with an adsorption 
isotherm (see page 124). At the maximum, the increased charge 
and the decreased thickness of the double layer will just be 
compensated, whereas with increasing concentration the decreas¬ 
ing thickness will predominate. 

A. Gyemant* offered a mathematical evaluation of this theory. 
Shortly after, 0-. Stem* published his previously mentioned 
theory. According to him, not only the actual coaling of the 
solid wall but also the umnovable part of the liquid layer is 
adsorbed. He explains any change in the t potential as caused 
exclusively by an alteration in charge due to adsorption. More 
recently, H. Miiller* criticized the Stem theory on groimds that 
the t potential owes its existence to the diffuse double layer. He 
points but that conditions inside the iimer layer affect the f poten- 

‘ Op. dt., p. 360. 

* Zdt. Phya., 17,190 (1923). 

*Loe. oit. 

*KoU. Beih., 26, 257 (1928). See also Fbbwduch and Zbh, Zeit. 
phyaikal. Cham., 114, 65 (1925). 
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tial only in so far as they can alter the total charge of the diffuse 
double layer. If no specific effects take place resulting in a 
change of charge of the inner layer, then the f-c curve can be 
explained in full accordance with Gouy's postulations. In this 
connection, we refer to the work of A. v. Buz^h^ (for further 
details see page 208), who on the basis of his studies of adhesion 
of microscopic particles to sohd walls could prove that a change in 
the f potential is alwa3n3 connected with a change in charge as 
well as a change in the thickness of the double layer. However, 
the changes of these variables need not be in the same direction. 
Furthermore, the thickness of the double layer depends not only 
on the concentration of the ions present in the system but equally 
on their degree of hydration. This means that, all other con¬ 
ditions being equal, the layer will be the thinner the less hydrated 
the ions therein are.^ 

The Preexisting Double Layer—^Ion Exchange 

The theoretical basis for the diffuse electric double layer has 
been discussed and also the simple case of its formation when 
bringing a neutral surface or a disperse particle in contact with 
an electrolyte solution. However, in nature as well as in practice 
we shall more frequently come across systems in which the dis¬ 
persed particles that are already coated with an electric double 
layer come in contact with another electrolyte in increasing con¬ 
centrations. In such instance, the double layer will undergo a 
drastic change. The final result is an ion exchange or an extreme 
case of polar or ion adsorption.® In the simplest cases, the outer¬ 
most ions are gradually replaced by new ions. The so-called 
base exchanges of zeolite, permutites, and certain clay minerals 
are such reactions;* in more complicated cases, new ions may 

1 KoU. ZeU., 52, 46 (1930). 

* See also B. V. Debyagin, BvUeHn de Vacad6mie des sciences de VUnion 
des R&pvbliques Sovietiques SocUdistes, p. 1163 (1937). E. J. W. Vbbwby, 
Chem, Wbl,y 85, 70 (1938). J. Easpab, Hdodica Chimica acta.y 21, 650 
(1938). 

* S^, e.g.i E. j. W. Vbewet, ^Tonenadsorption und Austausch," KoU. 
Zeit., 72,187 (1935). H. J. C. Tbndbloo, Chem. WU., 85, 79 (1938). 

* For detailed literature on this subject see, e.^., G. Wiegnsb, Chem. Ind.^ 
50, TransadiUmSy 1931. 0. E. Marshall, Colloids in Agriculture,” pp. 
69jf., Edward Arnold A Company, London, 1935. G. Wibgnbr, KoU. Zeit., 
77, 10 (1936). 
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also occur in the rigid layer either by adsorption or by ion 
exchange. The double layer will at low concentrations of 
added electrolyte consist of various positive and negative ions. 
In such a mixed double layer, the aforementioned possibility 
exists that charge and thickness of the layer change in different 
directions. With increasing concentration of added electrolyte, 
the double layer becomes more and more uniform until it is 
finally composed exclusively of ions of the added electrolyte (see 
Donnan equilibrium, page 110). 

Surface Dissociation.—^We can also visualize the charging of 
a particle or the building up of a double layer as a result of 
chemosorption” (see page 119). The simplest example would 
be the separation of a surface ion of a solid in contact with a 
liquid. If a solid substance is dispersed in a liquid, and ions are 



Fig. 48.—Surface dissociation. 


split off from the surface of the particles, the prides will sur¬ 
round themselves with diffuse double layers. For example, in 
dispersing sodium stearate in water, we find that the sodium ions 
in the surface go into solution, thus forming the outer” ions 
in the diffuse electric double layer, whereas, the stearate ions 
make up the nucleus of the miceUe (Fig. 48). Such a phe¬ 
nomenon is generally termed surface dissoaiaiion, because of its 
similarity to the dissociation of electrolytes. It is difficult to 
explain why in most of the cases studied it is the sodium or 
corresponding ion that splits off and not the stearate ion. Here it 
seems that the Hardy-Harkins rule of least abrupt change in a 
system holds (see page 122). The high ajBSnity of the sodium ion 
for water results in a more gradual transition from the hydro- 
phobic stearate to the water than if the stearate ion were to 
dissociate out of the surface. We know, furthermore, that 
generally the simple ions dissociate, leaving the more complex 
ones to form the inner layer. This finding, as can be readily 
realized, is of outstanding importance in all such cases where 
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complex matter, adsorbed on to solid surfaces, is brought into 
contact with a liquid. 

However, if the dispersed solid reacts with the electrolyte or an 
ide^ chemosorption takes place, then the phenomenon is 
decidedly more comply. We produce a complex or normal salt 
on the surface which is totally or partially adsorbed. If iron 
(ferric) oxide is dispersed in one case in hydrochloric acid and 
in the other case in a ferric chloride solution of suitable concen¬ 
tration, we find that in both cases a double layer is produced 
aroimd the particles, the inner layer (rigid) being made up out of 
ferric ions; the outer, of chloride ions. If sulphuric acid is sub¬ 
stituted for the hydrochloric acid, we shall very materially 
change the f potential of the dispersion. Sulphuric acid will 
form iron sulphate on the surface, which is less soluble and less 
dissodatable than iron chloride, so that the particles will be 
less charged and therefore less stable.^ 

The Do minating Ion.—Which will be the charging ion in cases 
where chemical reaction takes place? The purely physical con¬ 
cept of the electric double layer as developed by Grouy can give 
no satisfactory answer to this question. Here, tiie combination 
With OUT chemical knowledge is essenHal, if we wish to obtain a 
picture that is equally satisfactory in explaining (he physical and 
chemical properties of a system. There can be no doubt that this 
is permissible, since the double-layer theory has no restrictions 
as to how the cl^ging is effected, i.e., by simple adsorption or 
as the result of a chemical reaction. If we give due considera¬ 
tion to both points of view, then we should be able to predict 
and evaluate certain properties of colloidal systems much better 
than if we adhere rigidly only to one type of interpretation. We 
neOd only refer to what we discussed in regard to precipitation in 
order to see that the pure chemical assumption of the formation 
of an msoluble compound lacks the detml for a really satis¬ 
factory imderstonding, which the combination with the physical 
point of view can fully offer. 

CniaaiCAL vbesxts Phtsicaij VniwroiNT 

Whereas, in a large number of inorganic systems, e.g., days, 
the physical theory has been most favored, we find that in the 

^ See, A. v. Buktcra, ^‘Colloid S^s/Htems," p. 220, The Technical Press, 
Ltd., London, 1937. 
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chemistry of proteins it is the chemical theory that has predomi¬ 
nated. Since proteins generally are considered as systems on the 
border line between highly disperse systems and colloids, it is 
understandable why in former days so many attempts were made 
to interpret colloidal properties on a purely chemical basis 
(S. P. L. Sorensen,^ J. Loeb,^ Wo. Pauli,* T. B. Robertson,^ etc.). 
Nevertheless, a critical survey of the experimental facts per- 
tmning to the interaction between proteins and various elec- 
trol 3 rtes has proved more and more that they cannot be satis¬ 
factorily explained on the basis of purely chemical deductions® 
and that colloidal principles must be introduced. 

The DoimAN EQUiLjBiinTM 

There is one more electrokinetic phenomenon of colloidal 
systems which is equally important from a physicochemical and a 
biological standpoint and which may not be overlooked in the 
discussion of electrokinetic phenomena. When we dialyze a 
‘^colloidal electrol 3 rte,” e,g., the sodium salt of a dye acid (Congo 
red) against pure water, then the sodium iop will penetrate the 
membrane, whereas the coUoidal-dimensioned dyestuff anion 
cannot penetrate. However, it is not possible for a large amoimt 
of sodium ions to separate from the dyestuff anion, since this 
would result in an excess of positive ions in the outer compart¬ 
ment and an excess of negative charges in the inner compartment. 
This would be against the rules of electrochemistry. To retain 
the electric equilibrium, water molecules must split to the amount 
of the sodium ions that pass through the membrane. The OH” 
ions will migrate with the Na+ ions, the equivalent number of H+ 
ions associating with the dye anion. The result is a dye acid 
in the inner compartment, and sodium hydroxide in the outer. 
This phenomenon , is known as membrane hydrolysie and is a 
special case of the Donnan membrane equilibrium.^ 

1 “Proteins,” Fleischmann Laboratories, New York, 1925. 

* “Proteins and the Theory of Colloidal Behavior,” McGraw-Hill Book 
Company, Inc., New York, 1925. 

* “KoUoidchemie der Eiweisskoerper,” T. Bteinkopff, Dresden, 1920. 

^ “Die Physikalische Chemie der Proteine,” T. Steinkopff, Dre^en, 1912. 

‘ For a detailed discussion, see, e.p., v. BuzXgh, op. ct^., ^bbn- 

SBN, KoU. Zeit., 58, 102 (1980). RmscH, Zeit physihaL. Chem., A 174, 
199 (1935). W. T. Astbuey, KoU. Z^., 88, 130 (1938). 

* T. R. Bolah, “The Donnan Equilibria,” George Bell & Sons, Ltd., Lop- 
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Upon dialy^g a colloidal chloride against a dilute sodium 
chloride solution, we shall find in accordance with the foregoing 
deduction that the sodium chloride will not distribute itself 
uniformly between the two compartments. It will be larger in 
the outer compartment. If we consider the following to repre¬ 
sent equilibrium condition: 

Na+ Na+ 

Cl- ci- 
A- 

(1) (2) 

the sodium chloride must diffuse with equal velocity in both 
directions. An ion can pass through a membrane only if either 
an ion of the same electric rign passes the membrane simul¬ 
taneously from the other side or an ion of different sign passes 
through the membrane from the same side. The number of 
impacts of sodium and chloride ions on the membrane must be 
the same for both sides of the membrane if equilibrium is to be 
maintmned. This number N must be proportional to the ion 
concentrations. 

Ni = fc[Na+]i[Cl-]i 

and 

JV* = A![Na+]2[Cl-]j* 

Since in equilibrium JVi = JVj, we obtain 

[Na+]i[Cl-]x = [Na+] 2 [Clis 
to satisfy electric neutrality we must have 

[Na+], = [C1-], and [Na+]i = [Qii-f-[A-] 

From the first of these two equations it follows that 
[Na+],[C1-]* = [Cl-] 3 * 
and from the second: 

[Na+]x > ICl-]i 

don, 1932; Qennan translation, “Die Donnan-Gleiohgewichte,” T. Stedn- 
kopff, Dr^en, 1934. 

* The brackets r^er to molar concentrations. 
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This results in 

[Clia > [Clii 

This means that the concentration of sodium chloride must be 
larger on the side of the membrane where no NaA is present. 

This phenomenon can be easily demonstrated by using plain 
numbers instead of the chemical symbols. 

If we write: 

Naa = CI2 = X 
Ch^y 
A” z 

and 

Nai ^ y + z 

then we have, at equilibrium, 

(y + z)y ^ 

or, in figures, (2 + 6)2 = 4*; i.e., 8 > 4 and 4 > 2. 

The importance of these deductions will be realized in all 
cases where adsorption; the swelling of gels; equilibriums in sys¬ 
tems separated by semipermeable membranes, such as living 
tissues and cell walls; and their technical significance, e.g., in 
dyeing and tanning, have to be considered. 

In the foregoing chapter, we have discussed the most impor¬ 
tant electrical phenomena pertaining to colloidal S 3 rstems. The 
significance of the concept of the (Muse electric double layer, 
the ? potential and its changes, surface dissociation, ion-exchange 
reaction, and membrane equilibriums in regard to the stability 
and reactivity of colloidal systems cannot be overemphasized. 
Since it is impossible to go into great detail in such an introduc¬ 
tory and general treatise, the specialized texts should be con¬ 
sulted for a more comprehensive discussion of these fascinating 
and vitally important phenomena. 
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CHAPTER X 


SURFACE PHENOMENA 
SxTBFAci! Development anl Subface Enebgibs 

It has been frequently pointed out that colloidal systems are 
mainly characterized by thdr extreme development of surfaces 
and surface bovmdaties. It has also been mentioned that in 
such boundaries there are energies typical thereto which are 
generally designated as boundary energies. Whereas classical 
chemistry defines the properties of a system by the properties of 
its mass, we fibad that properties of colloidal S 3 mtems are pri¬ 
marily governed by those of the developed surface. The col¬ 
loidal state differs in respect to the surface development of its 
systems from matter in the coarse state, or “heterogeneous 
systems,” by reason that in the latter case the boundary surfaces 
are small and therefore negligible compared to the mass, whereas 
in colloidal systems it is just the reverse. In highly disperse 
systems, or “homogeneous systems,” boundary energies are 
transformed into inner enerpes; i.e., these systems are void of 
boundaries. However, it should be borne in mind that such a 
distinction is naturally arbitrary, dependii^ on our present 
inability to differentiate between actual mass and surface in 
systems of a higher degree of dispersion than the colloidal range. 
However, there is a trend, at least in the theoretical field, to 
carry the fruitful conclusions of research of colloidal systems into 
the field of highly disperse systems, thus retaining the continuity 
of the general point of view of the disperse state of matter. 
Increasing evidence of a structural orientation of the molecules 
in liquids may be presented as an example of such endeavors. 

The boundary-surface ener^es manifest their presence in 
various ways, generally known as capiUary phemmena. The 
study of these special properties of boundary-surface layers or of 
extremely thin layers of matter is the subject of capiUary physics 
and dietnisiry. Ilie most important capillary phenomena can be 
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classified into three groups, m., surface and interfacial tension, 
adsorption, and capillary electric phenomena. 



• -WATER MOLECULES 
o -GAS MOLECULES 
—ATTRACTION FORCES 
BETWEEN LIKE 
MOLECULES 


Surface Tension^ 

The simplest instance is the phenomenon observed at the 
boundary between a liquid and a gas, or at the liquid-gas inter¬ 
face. A liquid always tends to re¬ 
duce its surface to a possible mini¬ 
mum, i.e., it takes up a shape with 
the least free surface energy. A drop 
of water on a plate will try to retain 
its shape and resist spreading. The 
molecules of water in the drop will be 
attracted to each other by cohesion 
forces. Those that happen to be or 
move into the surface will mainly be 
puUed in one direction, toward the 49^-Moie^r attraction 
interior of the liquid, because the pull * 

exerted by the gas (surrounding air) molecules is negligible in 
comparison to that of the interior liquid molecules (Fig. 49). 
Therefore, the liquid will try to assume the smallest surface possi¬ 
ble. The determination of this basic phenome¬ 
non of capillary physics is known as the measure¬ 
ment of surface temUms. For instance, if a wire 
A (Fig. 50), which is mounted and movable by 
means of two loops B on a wire frame JD, with 
another wire C in fixed position, is immersed in 
a liquid and then withdrawn, a film of liqldd is 
built up between the wires ADC. 
fac^tension^OT- ^ ^ result of what has just been discussed, it 
minati on . A, is evident that the liquid will tend to decrease its 
exposed surface. Since the wires C and D are 
wire; D, Wire fixed, this tendency must result in an upward pull 
frame; E, balance. ^ small balance E is attached to 

the wire A, the upward pull can be coimteracted or compensated 
by placing weights on the balance. These weights act on the dis¬ 
tance BB of the film, which can be measured in centimeters. As 


i . 


c 


A 

-B 

' i 

F 

-D 


ip. Lscomtb DU Nottr, CoU. Symp. Monogr., 8, 25 (1925); ** Surface 
Equilibria of Biological and Organic CoUoids/’ Reinbold Publishing Corpora¬ 
tion, New York, 1926. 
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soon as the added weights compensate the tendency of the twinid 
to contract and reach a Tninimnm free surface energy, ‘we Jcan 
determine the surface tension <r of the liquid, since c = eiicijgyJ:sur- 
face or force:length. (For a detailed discussion of thae cikost 
common methods of determining surface tension and, ttheir 
limitations, see Appendix, page 231.) This means that as lJio([uid 
will always tend to reduce its free surface energy, aniifwitface 


ACD 


tension can thus be deiSned as either that amount of work ineces- 
sary in a system to increase its surface by 1 sq. cm. or thafcttHiiurion 
with which a surface of 1 cm. length tries to contract 

A further consequence of this simple deduction is that iii)ii*o«rder 
to increase the surface of a liquid we must put more w<)»rb Into 
the system than what is just needed to compensate its aanrface 
tension. For example, to froth a liquid we must wercoiqpiesiiDsate 
its free surface energy. Since low surface tension correspoonds to 
systems of small free surface energy, less work will be iif'cswisary 
to increase their surfaces as compared to a system 

high surface tension. On^ bciows 
that certain soluble substanoc^fiMa if 
added to a liquid, materiallyrailtei the 
surface tension of the systeno, tltlkerieby 
automatically also infiluenciiig iitvii.free 
surface energy. Substances (^>^Tlary 
active or capiUary positive') sbd^cBl as 
higher alcohols, fatty acids, aigiBiiiiies, 
and aldehydes are Imowa to iiicMLuce 
surface tension. Some iriorg;aoic 3 taalts 
{capillary inactive or capillaT^' mga- 
tive) slightly increase surface tenaion. 
In the case of alcohols and fatty acids, it has been that 
reduction in surface tension or capillary activity increase m the 
homologous series with increasing length of the carbon cfcwLin, 
within definite limits. This phenomenon is known as 



Fig. 


61.—Surface tension ver¬ 
sus concentration. 


As already stated, the addition of certain substances emoLSes a 
reduction of the surface tension; in most cases, the reducfiiooriu will 
be more pronounced as the concentration of the added suKeiaJice 


^ See, e,g.t M. Volmbb and S. Boas-Tbaubb, Zeit. pkynkd, 178, 

323 (1937). 
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is increased (Fig. 51).^ Surface tension and, keeping the surface 
area constant, also the free surface energy will be the smaller the 
higher the concentration of the capillary active substance in the 
surface layer. This deduction infers that a substance that 
decreases surface tension must concentrate in the surface layer, 
the reason being that the water molecules will have less attractive 
force for the unwetted ends of the added molecules than for 
water molecules. This must result in an increased lowering of 
surface tension with increased surface concentration. Such an 
increase in concentration of a dissolved substance in a surface, 
or, generally speaking, boundary, has been termed adsorption, or 
sorption. Its theoretical basis was given by J. W. Gibbs and 
J. J. Thomson, who state that a substance which reduces the free 
surface energy by reducing the surface tension of a system must 
be concentrated within the surface and therefore diffuse from 
the interior of the system into the surface layer* (see Appendix, 
page 237). 


Surface Concentration 

The theoretical deduction that substances which reduce sur¬ 
face tension of a liquid must concentrate in the interface has been 
experimentally proved by F. G. Donnan and his collaborators, 

^ However, we know of certain exceptions to this rule. Certain soaps, 
rubber latex, etc., show a distinct minimum in surface tension with increas-> 
ing concentration. For example, see J. W. McBain, T. F. Foed, D. A. 
Wilson, KoU, ZeU,, 78, 1 (1937). E. A. BDlusbe and P. Scholz, KauUchvk, 
8, 332 (1927). H. E. Edgbeton, E. A. Hausbe, W. B. Tuckbe, J. Phys, 
Chem., 41,1017 (1937). McBain, Ford, and Wilson consider three possible 
trends for the surface-tension/concentration function. In the first case, 
the surface tension drops continuously with increasing concentration of 
solute. The drop is first rapid, slowing down later. This is in full accord 
with Gibb’s theory. In the second case, we find a noticeable increase of the 
surface tension at the start, giving figures higher than those of water (nega* 
tive adsoprtion). In the third case, the surface tension first drops rapidly, 
goes through a minimum, and th^ rises again (never reaching the water 
value). The authors explain this phenomenon by assuming an electric 
double layer below the soap-coated surface due to the high d^ree of dissoci¬ 
ation of the soap in great dilution. (Double layers reduce the surface 
tension.) 

^ Trans. Conn. Acad. Set., 3, 391 (1876). J. W. Gibbs, ‘‘Collected 
Works,” Longmans, Green, & Company, New York, 1928. 
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McBain, Harkms, Lewis, and others.^ After capillary active 
substances, such as fatty acids, had been added, the liquid was 
thoroughly agitated, and a strong foam produced. This was then 
skimmed off, and the difference in concentration of the added 
substance determined in the foam and in the residual liquid. It 
was found that the concentration, in the foam was decidedly 
h^her. It might be argued that the mechamcal agitation in 
producing the foam contributes toward bringing the added sub- 
stancjBS into the vastly increased surface. However, another 
method was described by McBain and Humphreys^ which avoids 
such criticism. The apparatus used is known as the '^surface 
microtome.A microtome blade is placed on rails r unn i n g 
along a trough so that it may be dipped into the liquid to any 
desired depth. After the solution has been poured into the 
trough and the surface allowed to rest a desired time, the blade is 
moved at high speed over the surface, thereby s kimmi ng off the 
top layer into another trough where its composition as well as 
that of the liquid remaining in the first trough can be analytically 
determined. 

Substances that increase the free surface energy of a system 
will diffuse out of the surface layer into the interior. 

Adsoeption Terminology 

Since the change in concentration in the boundary layers is 
the only constant factor of a multitude of phenomena caused by 
the action of different types of energy. Wo. Ostwald has defined 
adsorption simply as a change in concentration of a component 
between the boundary layer and the interior of the adjacent 
phases. Therefore, cases where a reduction in surface tension 
occurs are known as positive adsorption^ an increase correspond¬ 
ing to a negative adsorption. Adsorption phenomena resulting 
from changes in surface tension are frequently also simply 

' F. G. Donnan and 1. T. Baekbb, Proc. Ray, Soc,, A 86 , 667 (1911). J. 
Baucblin, J. chim. phys., 22, 638 (1926). Domtnan and Benson, J, Phya, 
Cheni., 7, 632 (1905). McBain and Davies, J. Am. Chem. Soc., 49, 2230 
(1927). McBain and Dubois, ibid., 61, 3534 (1929). E. A. Guggenheim 
and N. K Adam, Proc. Roy. Soc., A 189,218 (1933). Harkins and Wamp- 
T.TBTtj J. Am. Chem. 8oc,, 68, 860 (1931). W. C. Lewis, PhU. Mag., 16, .499 
(1908); 17, 466 (1^09); Science Progress, 11, 198 (1916). . 

* J. Phys. Ch^.f 86, 300 (1932). also McBain and R. E. Swain, 
Proc. Roy. Soc., A 164, 608 (1936). 
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referred to as mechanical adsorption. However, there can exist 
in the boundary layer between two phases different energy 
potentials which can be reduced by a change in the concentration 
of the dispersed substance in the boundary layer. Such poten¬ 
tials can be of chemical, electrical, thermal, or other nature. 
Wo. Ostwald, therefore, amended the definition for adsorption 
with the following statement:J/ there exists in a boundary ewr- 
face an energy potential, which can be diminished by a change in 
concentration of the adjacent dispersoid, then such a change, i.e,, 
adsorption will take place 

If a chemical reaction takes place at the interface, and the 
reaction product remains in it, we speak of chemical adsorp¬ 
tion, or chemosorption, since a chemical potential exists between 
the adsorbed substance and the adsorbent (solid particle), and 
chemical energy brought about a concentration of the disperse 
constituent. 

In the preceding chapter, a great number of cases were dis¬ 
cussed wherein the solid substance possessed an electric charge 
of opposite sign to the charge of some of the ions contained in 
the surroimd^g liquid. By concentrating these ions at the 
interface, a reduction in the electric chargie was effected. Since 
such a phenomenon, on the basis of Ostwald^s definition, must 
also be classified as adsorption, it is known as electrical adsorption. 

There are still other types of energy that may cause adsorp¬ 
tion, and it is also possible that two types either reinforce or 
oppose each other. Thus, it is imperative to analyze every case 
very carefully and individually in order to obtain a perfect 
insight into the reaction. 

Factors Influencing Adsorption 

The many factors involved in adsorption phenomena have 
made it so far impossible to obtain a quantitative conception and 
mathematical formulation satisfying all possibilities. However, 
we have a number of qualitative data that show the following 
factors to be of predominant influence: 

1. The phymcal state of the adsorbent and the adsorbed sub-, 
stance: solid (amorphous, cr 3 rstalline), liquid, gaseous. 

* Introduction to Theoretical and Applied Colloid Chemistry,” 2d 
ed., p. 130, John Wiley & Sons, Inc., New York, 1922. 
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2. The size of the adsorbing interface (specific surface area 
of the adsorbent). 

3. The structure of the adsorbing interface. 

4. The radius of curvature of the adsorbing interface (geo¬ 
metrical form of the adsorbent). 

5. Physical structure of the adsorbent (external and internal 
interfaces). 

6. The degree of dispersion of the adsorbed substance. 

7. The relative quantity of adsorbent (ratio of the quantity 
of adsorbent to adsorbed substance). 

8. Concentration of the adsorbed substance. 

9. The nature of the medium (solvent containing adsorbed 
substance). 

10. The temperature. 

11. The pressure. 

12. The chemical aflEmity between the adsorbent and adsorbed 
substance. (Chemical nature of adsorbent and adsorbed 
substance.)^ 

Having defined adsorption as a change in concentration of dis¬ 
persed matter in the interface of a system consisting of at least 
two immiscible phases, we can visualize the following general 
possibilities for adsorption at an interface, between a 

1. liquid disperse system-gaseous disperse system. 

2. Liquid disperse system-hquid disperse system. 

3. Solid body-gaseous disperse system. 

4. Solid body-liquid disperse system. 

LiQxrm-GAS Systems: Foams 

It has been stated that substances which reduce the surface 
tension of a liquid will concentrate in the interface, in accord¬ 
ance with the Gibbs-Thomson theorem. Such systems can be 
frothed more easily than those with high surface tension, since, 
according to definition, less work has to be put into the system 
to overcome the existing free surface energy. However, this 
does not yet imply that the produced foam is stable. To obtain 
a stable foam, a simple reduction of surface tension is insuflBicient. 
What is needed is the formation of a tenacious film at the inter- 

^This list has been compiled by A. von BxjzXgh, “Colloid Systems,” 
p. 172, The Technical Press, Ltd., London, 1987. 
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face. This can be accomplished by changing the condition of 
the dispersed substance concentrated in the interface, e.g., by 
oxidation or coagulation. Certain proteins will coagulate, for 
instance, if subjected to the influence of air in thin layers. A 
solid skeleton-like framework of finely comminuted coagulated 
protein results (beer foam, milk foam, the scum of rubber latex, 
etc.). Another way of producing stable foams consists of the use 
of such capillary active substances that will concentrate and 
simultaneously orient themselves in the interface. This phe¬ 
nomenon, which also plays an important part in emulsification, 
is generally known as oriented adeorption. 

In some cases, it is also possible to concentrate finely com¬ 
minuted solid matter in the interface between a liquid and a gas. 
By the use of certain reagents added to the liquid, it is possible 
to induce the solid matter either to adsorb into the liquid^as 
interface or to remain in the residual liquid, depending on the 
surface condition of the solid matter. This effect is the basis for 
the process known as ore flotation, in which the mineral particle 
is separated from the gangue.^ 

Liqxjid-liqxjid Systems 

Similar conditions as discussed above exist at the interface 
of two immiscible liquid systems. For example, in considering a 



Fio. 52.—Schematio interpretatioii of interfacial adsorption layer. 

S 3 rstem containing a pure oil and water, we are dealing with a very 
simple case of adsorption between the aqueous phase and the oil 
phase. However, if either or both of the two phases contain a 
dissolved substance that is insoluble in the other liquid, an asym¬ 
metric adsorption layer will form at the interface (Fig. 52). In 
this instance, one side of the la 3 rer will contain a large part of 
‘See, e.g., A. P. Tagoabt, CM. Symp. Monogrr., 9, 130 (1931). F. E. 
Babxxll and G. B. Hatch, ibid., 11,11 Gd36). 
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the substance dissolved in the one liquid, and the other will be 
saturated with the other liquid. In dealing with systems— 
the most frequent cases—^where one phase contains a substance 
partially soluble in it and partially soluble in the other phase, an 
interface is again formed which is characterized by oriented 
adsorption of that substance. For example, soap molecules are 


imtiii 



considered as little rods of 
about 0.4 to 0.5 m/i in thickness 
and dependent on their carbon 
chain of 2 to 3 m/i in length. 
At one end they carry the car- 


CARBOXYL GROUP ^ ALKYL GROUP 
Fig. 63. — Orientation of soap molecules boxyl group (COOH) in which 
in a Uqnid/gas interface. hydrogen is normaUy re¬ 

placed by sodium or potassium, whereas at the other end 
they carry the hydrocarbon. In the interface, these mole¬ 
cules are more or less closely packed (Fig. 53) in such a way that 
the hydrophilic groups (such as COOH, COOM, CHO, OH, 
NH*, double bonds) are located in the direction of the water 
phase; the organic radical, in the direction of the gas (liquid-gas 




• -OIL MOLECULES 
C=B-oi- SOAP MOLECULES (DIPOLAR) 

C3 -WATER MOLECULES (DIPOLAR) 

Fig. 64.—Dipolar orientation of soap molecules at an oil-water interface 
(emulsification). 

S 3 ^stem) or in the direction of the organic liquid phase (liquid- 
liquid system) (Fig. 64). 

According to the Hardy-Harkins theorem,^ the molecular 
arrangement in the interface will always be such that the transi¬ 
tion to the neighboring phase is the least abrupt possible.^ 
Similar results are obtainable with other substances possessing 

1 Proe. Roy. Soc.^ A 86, 634 (1012); 88, 303 (1913). 

* W. D. Habkins, CoU. 8ymp. Monogr., 2,141 (1926). 
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molecules which, like the soaps and higher fatty acids, have 
‘^partiar’ solubility; t.c., their hydrocarbon end is soluble in 
organic liquids but insoluble in water; their carboxyl or equivar 
lent group, easily soluble in water but more or less insoluble in 
organic liquids. Other such substances are saponines; the 
mono- and, to some extent, divalent salts of humic and sulphonic 
acids; certain proteins; etc. Quite recently, true monosul- 
phonates of petroleum fractions have been added to this group. 

SoLin-OAS Systems 

The adsorption at the interface between a solid body and a 
gaseous disperse system is considerably more involved than the 
cases discussed so far. The reason for this is that with decreas¬ 
ing dimensions of the solid phase a point is finally reached where 
adsorbent and adsorbendum are of the same dimensions. In 
this condition, adsorption is no longer possible by definition, and 
a chemical reaction—coagulation or the like—^results. There¬ 
fore, the concentration of an inert gas at the surface of a solid 
adsorbent is the only system that can be considered as a gaseous 
adsorption in the correct sense of the word. A further limitation 
one must naturally impose is that adsorption takes place above 
the critical temperature. Since inertness of the gas has been 
postulated, the phenomenon must be reversible. This means 
that the equilibrium condition must be attainable from both 
sides; i.a., at a given temperature, a standardized quantity of 
the adsorbent must adsorb a given amount of the gas. The 
amount will depend exclusively on the pressure of the gas. 

Although such ideal cases, such as the adsorption of axgon by 
pure carbon, have proved of considerable value for the purpose of 
forming a basis for theoretical treatment, most adsorption 
processes are decidedly more complex and therefore do not fol¬ 
low this simple law. In a truly ideal case, the adsorption equi¬ 
librium is reached very rapidly (contrary to chemosorption); the 
adsorption equilibrium depends for given substances on temper¬ 
ature and pressure. The pressure and density isotherms ^g. 
55) curve toward the abscissa; the adsorbed amount depends on 
the pressure or density of the gas, in accordance with Boedeker^s 
formula (see Appendix, page 238); the quantity of adsorbed 
substance decreases with increasing temperature at constant 
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pressure; the adsorption of a gas is accompanied by evolution 
of heat. 

Where adsorption takes place below the critical temperature, 
we must distinguish between cases where the solid substance is 




Fxo. 55. Fig. 56. 

Fig. 55. —^Adsorption isotherms of carbon monoxide on carbon for different 
temperatures, a, adsorbed matter per gram adsorbent; p, pressure at equilibrium. 
Fig. 56. —General adsorption isotherm. 


wetted by the liquefied vapor and those where no, or partial, 
wetting takes place. In the latter, adsorption occurs in the same 
manner as di^ussed; «.e., it follows the ordinary adsorption 
isotherm (Kg. 66). In the case where we are dealing with 
porous, wettable adsorbing mediums— 
these are the most general industrial 
ones—such as activated carbon, char¬ 
coal, and silica gel, we find a difference 
in the appearance of the adsorption 
isotherm.^ The curve shows a second 
rise as the vapor approaches its satmra- 
tion pressme (Kg. 67). Zsigmondy* 
densation for porous ad- explains this behavior with the assump¬ 
tion that capillary forces cause a con¬ 
densation of the vapor in the pores of the adsorbent. Therefore 
capillary condensaHon depends mainly on the wettability and the 
poroaty of the adsorbent.* 

^ See, e.g,, E. HCcxbl, Adsorption imd Elapillarkondensation,” Akad. 
Verlags-Ges., Leipzig, 1928. A. A. Schuchowitzki, KoU. 66, 139 
(1934). G. E. CuNNiNaHAM, CoU, Symp. Monogr,, 11, 69 (1935). 

* Zeit anorg. aUg. Chem,, 71, 356 (1911). 

»See, «.p., GrawrrscH, /. Russ. Phys. Chem. 8oc., 47, 805 (1915). 
POLANTi and Goldmank, ZeU. physikal. Chem., 182, 321 (19^). 
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The adsorption of gases or vapors on solid bodies is becoming 
of increasing industrial importance in the field of solvent recov¬ 
ery.^ The principle of these processes is the use of materials of 
high adsorptive capacity, e,g., activated carbon or silica gel.^ 
The air, which is laden with the vapor of the solvent used in 
intermediate steps of various industrial processes, such as in 
the rubberizing of fabrics with organic rubber solutions or the 
manufacture of sheets or films from substances dissolved in 



Fig. 68.—Solvent-recov- 
ery plant. A, J5, activated 
carbon filters; C, cooling sys¬ 
tem; n, condenser; Et air 
inlet; F, air outlet; Gt steam 
inlet. 



Fig. 69.—^Adsorption of differ¬ 
ent solvents on activated carbon 
and parafi6n oil. 


organic solvents, is passed from the enclosed apparatus through 
filters containing the adsorbent. As soon as the adsorbent has 
been fully saturated, the solvent can be recovered by heating 
the adsorbent, preferably by passing steam through the filter. 
This becomes logical when it is remembered that adsorption is 
decreased with increasing temperature. A schematic drawing 
of such a regenerating device is shown in Fig. 58. Figure 59 
shows the amount of solvent that activated carbon is capable of 
adsorbing, depending on the amount of solvent present in the air, 
in comparison with an absorption process in paraflSn oil. There 

1 For detailed literature in regard to solvent recovery, refer to the follow¬ 
ing summaries; The contribution of A Enge lh a r dt in Hausbb, ‘‘Handbuch 
der gesamten Kautschuktechnology,^’ vol. I, p. 806, Union Deutsche Verla^- 
Ges., Berlin, 1935. Contribution of W. Mbcklenbubg in LiBSUGANa, 
"'Kolloidchemische Technologie,” 2d ed., p. 38, T. Steinkopff, Dresden, 
1932. 

For a brief summary of manufacture and application of active substances 
see, F. Kbbzil, KoU, ZeU., 84, 122 (1938). 
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are different methods in use for activating carbon. We find 
products that are simply activated by treating the charred raw 
material, such as wood, with water vapor at temperatures 
between 800 to 1000®C. Other processes apply a treatment 
with phosphoric acid, potassium carbonate, or zinc chloride. 
The latter treatment, which is second in importance to the water- 
vapor process, permits activation at temperatures slightly 
above 300®C. 


Solid-liquid Systems 

Undoubtedly the most important of all adsorption phenomena 
are those taking place in a solid-liquid interface. However, at 
the same time they must be considered as extremely complex. 
The phenomenon that a pure and true solution, being brought in 
contact with an insoluble solid substance, is tenaciously retained 
on the surface of the solid is generally known as lyosorption.^ 
The wetting of a solid body is the simplest example of this 
phenomenon. 

According to Wo. Ostwald,* the adsorption layer thus formed 
is termed lyosphere*, The lyospheres are to be considered as 
diffuse, so that a continuous tranation exists between them and 
the interior of the surrounding liquid. Experiments on sedi¬ 
mentation volumes of comparatively coarse suspensions in 
different liquids, as carried out by Wo. Ostwald and W. Haller,* 
A. V. Buzdgh,* H. Freundlich,* Freundlich and H. L. R5der,* and 
E. A. Hauser,^ seem to prove that the thickness of the lyospheres 
is, contrary to previous assumptions, far in excess of normal 
molecular dimensions. The thickness of the lyosphere seems 
to depend on the type of adsorbing surface and on the liquid 
present. It has been ascertained that lyosorption is exception¬ 
ally pronounced with such substances as can be considered as 

1 See A. Fodob, ^*Die Grundlagen der Dispersoidchemie,” T. Steinkopff, 
Dresden, 1925. 

* KolL Beih,, 29, 354 (1929). 

32, 114 (1930). 

* Trans, Faraday Soc,, 84,308 (1938). 

*'‘Thixotropy,” No. 267 of *'Actualit4s sdentifiques et industiielles,” 
Hermann & Qe., Paris, 1935. 

^ Denton and Bobinson, unpublished M. Sc. thesis, Massachusetts Insti¬ 
tute of Technology, 1937. 
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extremely heteropolar, most of the silicates. This leads to 
the assumption that the development of a lyosphere depends to a 
large extent on the residual electrostatic valencies of the adsorb¬ 
ent. This results in the important conclusion that lyosorption 
can be very materially influenced by changes in the charge of 
the adsorbing surface. With increasing charge, lyosorption 
must also increase. Wo. Ostwald and W. Haller have found 
that there is a connection with the dielectric constant of the 
liquid. In general, liquids of high dielectric constant will show 
lyosorption to a smaller degree than those of a low dielectric 
constant. 

It is of no noticeable importance in which state of comminu¬ 
tion the absorbents happen to be present. It is a simple matter 
of terminology if lyosorption in the case of colloidal systems is 
more generally known as Bohalion or hydration. 

The problem becomes decidedly more difficult in the case where 
the solution contains dissolved matter, such as electrolytes or a 
colloidal dispersion. Then the case may occur where dissolved 
matter, as well as solvent, is simultaneously adsorbed, and it 
becomes extremely hard to differentiate between true adsorption 
of an individual component and an adsorption resulting from an 
intimate linkage of one of the components to the other one that 
has been actually adsorbed. 

Ion Adsorption-Base Exchange Adsorption 

We have previously mentioned polar adsorption when discuss¬ 
ing liquid-liquid s3rstems. The same naturally holds good for 
solid-liquid systems. Here we find, for instance, in the case of 
electrolyses or their ions, that only one constituent is really 
adsorbed, whereas the other remains in solution. Since the 
electric neutrality of the system as a whole must be maintained, 
another ion must be substituted. This ion can either be given 
off by the adsorbent in exchange for one taken on, or it must be 
obtained by a secondary reaction in the dispersion medium. 
This phenomenon is generally known as exchange adsorption^ or 
ionrexchange reaction. Presumably the most typical instance is 
the so-called hose exchange of zeoKtes or permutites as used with 
increasing success for water-softening purposes. The zeolites 
correspond generally in their chemical constitution to the clays. 
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They are very open-textured aluminum hydrosilicates. ^ The 
oxygen atoms present in the surfaces or at the edges or corners of 
the crystal lattice possess residual electrostatic fields. These 
are satisfied by available cations, such as sodium (Fig. 60). If 
such a zeolite is brought into contact with water containing 
calcium salts, the calcium ions will be adsorbed, and the sodium 
ions given off. This can be explained, on the basis of a Donnan 
equilibrium, besides the fact that the lower degree of hydration 
of the calcium ion will give an added incentive to the exchange. 



Fio. 60.—Schematic inteipretation of a silica plane in a clay ciystal. [Prom 
U, Hofmann <& TT. BUke, KdU. ZeU„ 77, 238 (1936).] 

The dotted lines ^ve an approximate idea of the offstand distance and the degree of bond 
of the adsorbed ations. 


T^en all the sodium has been replaced by calcium we can 
regenerate the zeolite by backwashing it with a highly concen¬ 
trated brine solution. A large amoimt of sodium ions will 
eventually replace the calcium. For example, if a sodium day 
is submitted to dial 3 rsis or electrodialysis, no ions are available 
in the solution for replacement of those that are being removed. 
To retain the electric equilibrium of the S3n3tem, it is therefore 
necessary that the water split and release the needed amount of 

1 See H. B. Wbisbb, “Inorganic CJoUoids,” John Wiley & Sons, Inc., New 
York, 1933-1938. 
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hydrogen ions to replace the removed metalUc cations.^ The 
result is so-called hydrogen-clay, or acid clay. 

In the case of apolar adsorption, we are dealing mainly with a 
random aggregation of molecules in the interface or adsorption 
layer, which, being made up out of dissolved substance and dis- 
perdon medium, is a typical example of a solvated hull. In 
general, apolar adsorptions are reversible. The amount of 
adsorbed substance per unit quantity of adsorbing matter 
depends only on the relative quantity of adsorbent, the con- 





Fig. 61.—Different adsorption curves. 

centration of the substance to be adsorbed, and the temperature. 
An equilibrium is quickly reached unless secondary phenomena, 
chemosorption or afrsorption, are involved. In Kg. 61, 
taken from a paper published by Wo. Ostwald and Izaguirre,* 
the most common functions of equilibrium concentration per 
unit volume of the adsorbed substance and the quantity adsorbed 
are given. 

Classification of Adsoebing Surfaces 

When considering adsorption phenomena, one should not 
overlook the type of adsorbing surface available, since adsorption 

^ A more detailed discussion of ion-exchange reactions can be found, c.p., 
in the following literature: G. Whjgnee and K. W. Mubllbb, ZeU, Pflarta, 
DUng., A-14, 321 (1929). G. Webgneb, J, Lcmdw,^ 60, 111, 197 (1912); 
KoU, ZeU.f Erg. Bd., 36, 341 (1925); /. Soc., Ckem. Ind.y 66 Ty February, 
1931; ibid., 108 T, March, 1931. Kbllbt, Jbnnt, and Brown, Sail 
Science, 41, 269 (1936). XT. Hofman, K Enpbll, and D. Welm, ZeU., 
Krist., 86, 238, 340 (1933). U. Hopman and W. Bilebj, KoU. ZeU., 77,246 
(1936). C. E. Marshall, “Colloids in Agriculture,” pp. 79#., Edward 
Arnold & Company, London, 1935. 

* KoU. ZeU., 80, 279 (1922); 82, 57 (1923). See also Gtjstavbb, ibid., 81, 
358 (1922). Ostwald and Schulze, ibid., 86, 289 (1925). Hetman and 
Bote, ibid., 68, 154 (1933). Baetell ^ oL, J. Am. Ckem. Soc., 61, 1687 
(1929); 68,2501 (1931). 
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can vary between cases where external or internal surfaces are 
concerned. For this reason, one has differentiated between the 
following types of surfaces: 

1. Surfaces of the first order: The external surface and the 
surface of internal pores are of coarse dimenaons. 

2. Surfaces of the second order: The surface of the pores is of 
submicroscopic dimension. 

3. Surfaces of the third order: The surfaces of the pores and 
the capillaries are of amicroscopic dimensions. 

Such a differentiation materially assists in an evaluation or 
explanation of adsorption phenomena. It becomes evident that 
at surfaces of first order the adsorption can freely develop, 
whereas at those of third order only layers of amicroscopic thick- 
r\ ness are conceivable. The degree of 
comminution of the adsorbent will 
K \ J materially influence adsorption, 

'O—X depending on the tspe of surface 

a b available. An adsorbent having 

surface, of tot order ^ahow tat 
disintegration; d, after disintegra- littlc change UpOH further SUbdi- 

vision. However, one containing a 
large percentage of surfaces of second and third order upon 
comminution shows a noticeable increase in its adsorptive 
capacity, owing to the transformation of these surfaces into those 
of first order (Pig. 62). 

From this discussion it is clear that spadal arrangement of the 
adsorbent can be of importance. For example, if particles of an 
adsorbent characterized by surfaces of first order are sedimented 
and caused to pack closely, an adsorbent with surfaces of second 
or even third order may result, so that the adsorptive capacity 
per unit mass of adsorbent may materially decrease. 

Naturally, the geometric form or shape of the adsorbent also 
has a decided influence on the adsorption capacity. It has been 


pointed out that surface or interfadal energies depend not only 
on the actual size of the interface but also to a large extent on the 
number of available preferential areas (edges, comers, etc.). 
This explains why the roughness of an adsorbing surface is also of 
importance. Since subdivision increases the over-all surface per 
^ven volume unit as well as the number of edges, comers, etc., 
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it is logical that comminution of an adsorbent in many cases helps 
to increase its adsorptive capacity. 

As to the chemical nature of the adsorbent, no general rule has 
been foimd so far. However, the chemical properties* of the 
adsorbed substance have a very considerable influence on its 
adsorbability. The greater the capillary activity of a substance 
the higher will be its adsorbability, in general. This is in full 
accord with Traube's law (page 116). In the case of electro¬ 
lytes, we find that free bases and free acids are generally more 
strongly adsorbed than their corresponding salts. 

PoLAK Adsorption 

One frequently finds the statement that the surface tension of 
the dispersion medium has some influence on adsorption. The 
greater the surface tension the greater is the adsorption of a 
substance dispersed therein. In connection with what has been 
said when discussing the theory of surface tension, this appears 
logical, because high surface tension is the result of a strong field 
of force between like molecules of the dispersion medium, so that 
the attraction toward foreign molecules distributed therein is 
easily compensated for by the forces causing adsorption. This 
means that a substance (&solved or dispersed in a liquid of high 
surface tension, water, is more readily adsorbed than if it 
were dissolved in a liquid of low surface tension, e.gr., an organic 
solvent. However, there is no question that the influence of 
the dispersion medium on adsorption has not yet received suffi¬ 
cient attention, and considerable further work is needed before 
this factor can be fully evaluated. 

Reference has briefly been made to the so-called ion- or base- 
exchange reactions. In working with activated carbon, for 
example, one frequently finds, when adsorbing anions or cations 
from neutral salt solutions, that an end point is reached at which 
the solution takes on a definitely alkaline or acid reaction. This 
phenomenon, known as adsorption hydrolysis^ is caused by the 
fact that the carbon gives off an OH*” or an H*** ion for every cation 
or anion that it adsorbs. But such cases must be considered as 
liTiniting ones, because most often both types of ions are simulta¬ 
neously adsorbed to some extent. Therefore, polar and apolar 
adsorption can take place simultaneously, just as polar adsorp¬ 
tion and chemosorption frequently merge into each other. Since 
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this is the case, we might consider polar adsorption as a phenome¬ 
non intermediate between apolar adsorption and chemosorption 
(Fig. 63). It explains why the adsorption isotherm for polar 
adsorption is, in principle, similar to those typical for apolar 
adsorption. The main difference is that the former is more 
curved, terminating in a way similar to those typical of hetero¬ 
geneous chemical equilibriums. The previously mentioned fact 
that in the case of polar adsorptions an equilibrimn condition is 
reached only after a comparatively long time strengthens the 



classification for polar adsorption 
pven above. Considerable experi¬ 
mental evidence is now available for 
this. For instance, L. Imre^ could 
show that the adsorption of ions on 
to cr 3 rstals takes place in three steps: 
(1) They are drawn into the outer 
sphere of the adsorption layer; ( 2 ) 
they penetrate this layer with 


1, apolar adsorption; 2, polar measmable Velocity; (3) they snap 
adsorption; 3, 4, heterogeneous • . 

reactions. “ito the Crystal lattice. Also, 


chemosorption mostly takes place 
in steps, as can be demonstrated by the color change of a 
blue Congo-red sol when brought into contact with aluminum' 
hydroxide. 


In the case of polar adsorption, we generally diatingiiiah 
between basic tind acid adsorbents. The former, such as metal 
hydroxides, will preferentially adsorb anions; whereas the latter, 
e.g., silicates, wiU adsorb cations. Since this phenomenon is 
largely of electrical nature, it is, as has been mentioned, generally 
known as dedric adsorption. 


It has been found that the adsorbability of various ions follows 
the so-called Hofmeister, or lyotropic, series:* 


SO 4 < F < NO, < Cl < Br < I < CNS < . . . OH 
li < Na; K < Mg < Ca < Sr < Ba < A1 < . . . H 


K. Fayans and Beer* and 0. Hahn* found that there is some con¬ 
nection between adsorbability and solubility in the adsorption 

* Zeit. pkysikdL Chem., 144,161 (1928); 146, 41 (1930). 

* A. VoBR, Chem. WU., 86,113 (1938). 

» Ber., 46,3486 (1913); 48,700 (1916). 

‘/hid., 69, 2014 (1926). 
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of radioactive elements. Also, taking into account the fact that 
a radioactive element is precipitated only if it can be incorpor¬ 
ated in the cr 3 rstal lattice of an isomorphous sparingly soluble 
precipitate (R. Marcus law^), Hahn made the following statement: 

... an inactive adsorbent will adsorb a radio-active element only if it 
acquires by adsorption of foreign ions a charge opposite to that of the 
radio-active ions, and if the radio-active element is capable of forming 
a compound of low solubility or dissociation with the adsorbed foreign 
ion. 

A generalization of this empirical rule is known as the Fayana-^ 
Hahn law and has already been referred to when discussing the 
preferential adsorption of one ion on a precipitate in the for¬ 
mation of the electric double layer (see page 100). 

As to the part that the internal structure plays in polar-adsorp¬ 
tion phenomena, it is evident that in the case of extremely dis¬ 
perse or diflform S 3 rstems it becomes more and more diflBicult to 
dis ti nguish between ionic adsorption and chemical combination. 
Frequently, one has found that the adsorbed ions react through 
the entire adsorbent, resulting in a complete ion exchange but 
without altering the structure of the adsorbents. Such an 
adsorption, according to V. Kohlschuetter,* is termed ^^topo- 
chemical reaction,or ^‘transformation.^’ A t 3 q)ical example is 
H. Kautsky’s* Siloxen (SisOsHc). Its microstructure coincides 
with that of calcium silicide, yet it is not changed when trans¬ 
formed into trihalogen siloxide or by the adsorption of various 
compounds. 

The close external resemblance of topochemical transforma¬ 
tions and chemical reactions has resulted in an argument as to 
whether such extreme cases of ionic substitution may be clas¬ 
sified as adsorption processes or should be considered as simple 
heterogeneous reactions. Whereas, for example, R. Gans con¬ 
siders base exchange as a formation of sparingly soluble salts, 
V, Rothmund and G. Komfeld^ consider permutites as solid 
solutions. H. Freimdlich,® G. Wiegner,® and E. A. Hauser and 

^ZeiL, phyaikdl. Chem., 76, 710 (1911); 81, 641 (1913). 

* Kdl. Zeit,, 42, 254 (1927). 

> Zeit, physikcH, Chem., 139, 135 (1925). 

^Zeit. anorg. aUg. Chem., 103,129 (1918); 108,215 (1919); 111, 76 (1920). 

»“Kapillarchemie/’ 4th ed., pp. 309Jf., Altad. Verla^ps-Ges., Leipzig, 1930. 

• KoU. Zeit., Erg. Bd., 86, 341 (1925). 
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C. E. Reed^ disagree with this purely chemical concept. They 
base their arguments on the experimental proof that base- 
exchange reactions give adsorption curves typical for polar 
adsorption and that the Hofmeister ion series hold good in these 
processes. The latter investigators have furthermore proved 
that also, in cases of base-exchange reactions other than permut- 
ites, a reaction throughout the mass takes place if the particle 
size of the adsorbent is sufficiently small. Therewith, the only 
remaining difference between the concept of polar adsorption 
and topochemical reaction has been eliminated. Naturally, the 
adsorbed ions are bound to the adsorbent by chemical linkages, 
so that this ionic substitution can be termed a chemical reaction, 
but one must also consider the simultaneous adsorption of foreign 
ions. This adsorption deserves far more recognition than it has 
so far received, since, as has been demonstrated, analytical 
results will vary in accordance with the anions present in the 
solution. 


Adsorption op Colloids 

The intermediate position of colloidal systems between coarse 
and fine dispersions results in the fact that true adsorption and 
the adhesion of coarse particles to solid bodies will overlap in the 
colloidal range. Since colloidal systems always contain some 
matter in a high degree of dispersion (e.gr., the electrolyte responsi¬ 
ble for stability), adsorption becomes complicated. We have 
to differentiate between the adsorption of the colloid and that of 
the highly disperse matter on the adsorbent and also consider the 
adsorption of the latter on the colloid itself. The adsorption of 
lyophobic colloidal particles corresponds in principle to the 
adheaon of microscopic particles on walls (see page 208). The 
govemii^ factors are primarily the electric charge and the thick¬ 
ness of the lyospheres. That electric charge plays an important 
part in the adsorption of colloids is demonstrated by the fact that 
colloid particles of positive fflgn are preferentially adsorbed by 
n^ative adsorbents; and negatively charged ones, by positive 
ones. 

The adsorption of lyophilic colloids follows, in general, the 
adsorption of highly disperse substances. That the adsorption 
of lyophilic colloids is frequently an irreversible process can be 

1/. Phya: Ckem., 41, 911 (1937). 
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explained by the fact that chemical reactions or alterations in the 
adsorption layer occur, the denaturation of proteins. 

Strtjcttob in Ionic Adsorption Layers 

So far, all the assumptions in regard to the arrangement of the 
ions or molecules in an adsorption layer have been entirely 
hypothetical. Naturally, it would be extremely valuable if one 
could obtain a real insight into such a microstructure. The 
great development in structural physics (M. v. Laue’s funda¬ 
mental work on the space lattice of a well-defined crystal by the 
use of X rays and P. Debye and P. Scherrer^s application of 
x-ray analysis to fine powders, the discovery of fibrous structure 
in cellulose, stretched rubber, etc.) resulted in the application 
of this method to a study of possible molecular orientation in 



Pig. 64. —Electron diffraction. E, source of electrons; F, Faraday cage; a, 
angle of impact and reflection. 

adsorption layers. J. J. Trillat^ applied to a study of fatty acid 
films on surfaces extremely soft x rays known to penetrate only 
to a small depth. Although Trillat’s results definitely proved 
that the molecules are oriented at the surface or in an interface, 
the information obtained was not yet suflBicient to draw further 
conclusions in regard to the true structure of the surface. 

More recently, Davisson and Gemer,^ Rupp,* TriUat and 
Mark,^ Hengstenberg and Wolf,* and Harkins and his collabora¬ 
tors® have investigated surfaces by a most ingenious method 
based on the reflection of electron rays. Rupp allowed an 

^ MetaUwirUchafty 7, 101 (1920); “Les applications des rayons X,” 
pp. 263#., Les Pr^es Universitaires de France, Paris, 1930. 

» Physid. Reo., 80,705 (1927). 

»Ann. P%«., 36, 981 (1918); ZeU. Phys., 62, 8 (1928). 

^ Erg. UcJm. Rdntg.f 4, 69 (1934). 

«‘‘Elektronenstrahlen und ihre Wechselwirkung mit Mateiie,’^ Akad. 
Verlags-Ges., Leipzig, 1935. 

• /. Phys. Chem., 40, 941 (1936). 
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electron ray E to impinge on a solid surface at a constant angle ou 
The intensity of reflection is determined at the same angle by 
the use of a Faraday cage F (Kg. 64). If the surface structure 
of the solid has once been established, this method permits a 
closer study of the structure of adsorbed layers. These studies 
have already demonstrated that the hypothesis of active centers 
or areas is borne out by the fact that the arrangement of adsorbed 
gas ions is not even but is grouped at s3nDtmietrically distributed 
active centers. An application of a similar method to the study 
of the thickness of an interfacial layer of a liquid in contact with 
its own vapor has resulted in the astonishing discovery that the 
thickness is far beyond molecular dimensions. ‘ Yet so far these 
results have given us only an indication as to boundary structures 
of pure substances. We are particularly interested in the thick¬ 
ness of t 3 q)ieal adsorption layers and the range of forces therein. 


Thickness of Adsobbed Lktebs 

Buz4gh* discusses two methods for determining the range 
of adsorption forces. By covering the 
surface of a well-known substance A (Fig. 
65) with another substance B in layers 
“ of increasing thickness, we shall And a 
o layer thickness Bi at wMch the properties 
^ of A. no longer appear. At the thickness 
§ Bj, the properties typical for substance 
B will show up. It has been foimd that 
the thickness of the two layers is generally 
of collodial dimensions and that a great 
Fio. 65.—Critical adsorp- number of Specific properties are changed 
tion layer. when the thickness of the interfacial layer 

has reached this dimensional range. ^ 

The second method consists in determining the thickness of 
the maximum quantity of a substance which is adsorbed on a 
well-defined surface of an adsorbent. It has been foimd by 
I. Langmuir that the adsorption layer is generally not a coherent 
film but that, as mentioned, adsorption mostly takes place in 



^See, G. Bakkbe, Zeit, phyEikal, Chem,, 93, 154 (1919); ‘‘Kapil- 
larit&t und Oberfifichenspanntmg/' Akad. Verlags-Ges., Leipzig, 1928. 

* Colloid Systems,” p. 200. 

» For further references, see, 6.p., v. BuzXgh, loc, dt 
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patches. This infers that adsorption very rarely consists of a 
monomolecular layer. Here attention should be drawn to the 
work of 0. Bartsch,^ Wo. Ostwald and W. Haller, * and A. v. 
Buzdgh^ which also demonstrates that adsorption layers exist 
which greatly exceed molecular dimensions. 



(a) 0/W 


(b) W/O 


Surface Orientation 

As has been pointed out, the structure of the adsorption layer 
follows the Hardy-Harkins rule of least abrupt change. This 
must result in a definite orientation of the molecules at the inter¬ 
face. For example, in a water-air interface, molecules of fatty 
acid orient themselves as previously indicated in such a fashion 
that their COOH groups are ...... 

turned toward the water; their 
alkyl groups, toward the air. 

Such orientation becomes par¬ 
ticularly marked when the 
molecules are densely packed.^ 

The same holds true not only 
for liquid-gas but also for liquid- 
liquid or liquid-solid interfaces. 

The problem of emulsification 
is closely related with interfacial 
adsorption in liquid-liquid systems. If the adsorbable substance, 
such as sodium oleate, is more readily wetted, for instance, by 
water than by oil, we shall obtain an oU-in-water emulsion 
(Fig. 66a). However, if the emulsifying agent, such as calcium 
oleate, is more readily wetted (adsorbed) by the oil phase, a 
water-in-oil emulsion will result (Fig. 666).® Ore flotation proc¬ 
esses, to which reference has already been made, are examples of 
adsorption phenomena on solid-liquid and solid-air interfaces.® 


sas- - OIL PHASE 
WATER PHASE 
SODIUM IONS 
oC - CALCIUM IONS 
■■ - HYDROCARBON CHAIN 
Fig. 66.—^Emulsification. 


1 KoU, ZeU., 88, 321 (1926). 

* KoU, Beih., 29, 354 (1929). 

^Ihid., 32, 114 (1930). 

^ R. E. Wilson and E. D. Rms, CoU. Syrrvp, M<mogr.y 1,145 (1923). 
®For a detailed discussion of emulsions, see, e.^., W. Clatton, “The 
Theory of Emulsions and Their Technical Treatment,” 3d ed., P. Blakiston's 
Son & Company, Pluladelphia, 1935. F. G. Donnan, “The Technical 
Aspects of Emulsions,” A Harvey, London, 1935. 

®For detailed discussion, see, W. Pbtbbsen, “Schwimmaufberei- 
tung,” T. Steinkopfi, Dresden, 1936. This book contains a discussion of the 
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Surface Films 

The kinetics of such adsorption layers, or films, worked out by 
Langmuir, Harkins, and Volmer must be considered today as the 
outstanding contributions to colloidal physics in the last decade. 
The molecules adsorbed in the interface are in free thermal 
motion, resulting in a lowering of the surface tension of the liquid 
and a spreading of the film over the surface. These layers 
behave in two dimensions exactly as macroscopic bodies of the 
solid, liquid, or gaseous state behave in three dimensions. If 
the adsorbed amount is small, and the temperature high, we 
speak of an ideal two-dimensional gaSy because the molecules 
adsorbed in the surface layer are free to move in the plane (two 
dimensions), just as gas molecules move freely in the three 
dimensions of space. On further concentration and lowering of 
temperature, we obtain two-dimensional liquids and finally two- 
(hmensional solids. If such a film acts like a gas, its molecules 
must have the tendency to spread unhindered, as do the mole¬ 
cules of a gas. The only difference is that in the case of a gas 
the spreading tendency can be compensated by a space-limiting 
plane, whereas in that of a film the spreading tendency must be 
compensated by a limiting line. The spreading pressure of a gas 
is measured in dynes per square (xntirneter; that of a film, in 
dynes per centimeter. 

On the basis of the pioneer work of A, Pockels, I. Langmuir^ 
devised an instrument to measure directly the expansion of 
surface fi lm s . This method was further developed by N. K. 
Adam,* and the instrument is today known* as a '^lyophil bal¬ 
ance. The instrument consists, in principle, of a rectangular 
metallic well-paraflaned trough B (Kg. 67). The trough is filled 
with water, and a trace of the substance to be investigated placed 


theories as well as of the most common practical applications. It also 
gives an up-to-date, complete list of literature and patent references. 
See also the purely scientific discussion of ‘‘Wetting in Flotation,’^ by H. 
Fbbundlich, in “Wetting and Detergency,” A. Harvey, London, 1937. 

^ “Surface Chemistry,” J, Am, Chem, Soc., 88, 2246 (1916). 

* “The Physics and Chemistry of Surfaces,” 2d ed., Oxford, Clarendon 
PresG^ New York, 1938^ Chem, Eeo,, 18,147 (1933). See also I. T 
contribution in J. Alexander, “Colloid Chemistry” (Theoretical and 
Applied) voL I, p. 525, D. Van Nostrand Company, Inc., New York, 1926: 
Coff. Symp, Mofnogr,, 8, 48 (1925). 
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on the surface of the water, where it spreads out. Two barriers 
A and C permit us to increase or decrease the surface available 
for the film . The barrier C is free movable between the edges 
of the trough and connected with a torsion balance D which 


permits measuring the spreading 
pressure. It has been found that 
with dilute films the product of 
spreading pressure and available 
film surface is constant. This is 



in accord with the gas law of Fiq, 67.—Lyophil balanw. A, 

^ 1 niT • XX 1 .* 1 LX XU^X pushing barrier; B, trough; C, free- 

Boyle^jNdanotte, which states that xnoving barrier connected with -D; 

the product of pressure and vol- balance (in the newer models this 
^ - • X X X • is built as a torsion balance). 

ume of a gas is constant at a given 

temperature. If we now decrease the available surface by care¬ 


fully pushing the barrier A closer to C, the spreading pressure 
increases (part 1 of Mg. 68). The pressure rises to a certain point, 
after which a further decrease in surface causes no change (part 2 


of Mg. 68). This corresponds to the known fact that a highly 
compressed gas is transformed at constant pressure into a liquid. 


P 



In such condensed films, the molecules 
are considered to be in dense pack¬ 
ing, so that attraction forces be^ to 
act between them. In trying to 
decrease the surface still further, the 
spreading pressure rises very markedly 
(part 3 of Mg. 68), just as liquids show 


^ T an extremely small compressibihty. 

Fig. 68.—Spreading pressure j. . j* xi. • • -r 

diagr^. A, area covered by By dividmg the minimum surface 

film; p, spreading pressure. filnn by the number of mole- 


cules (to be evaluated from the amount of substance used), 
it is possible to calculate the area in the surface occupied by one 
molecule. The most striking result obtained thereby is that the 
area occupied per molecule of all the higher fatty acids in the 
condensed films is more or less identical, amounting to approxi¬ 


mately 0.21 m/i^. Since these molecules are considered to be of 
rodlike shape, their length varying only with the length of their 
carbon chains, it seems logical that in a condensed film they 
must be oriented in such a way that their carbon chains take up 


a position more or less at right angles to the interface. 

The same point of view as outlined by Langmuir, in connection 
with the properties of monomolecular adsorption layers, has been 
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taken by M. Volmer and G. Adhikari^ to apply to the adsorption 
on solid adsorbents. Here the adsorbed molecules are freely 
movable on a solid adsorbent parallel to the interface. The 
investigators cemented a benzophenone cr 3 rstal to a glass plate 
and permitted a stream of mercury to flow by the crystal but 
without touching it. It was found that the crystal diminishes 
in weight. Since benzophenone has a low volatility and, is also 
insoluble in mercury, the only explanation left is to assume that 
benzophenone crystal units are pulled out of the lattice and 
spread along the glass to the mercury surface. J. Estermann^ 
shows that the results of subliming silver on glass surfaces can 
be explained only by the assumption that the i^ver atoms move 
toward preferential spots when hitting the glass surface, where 
they grow to form minute crystals. 

It may be well to refer here again to the Hardy-Harkins rule 
to see if and to what extent it is applicable to the adsorption of 
electrolytes out of their solution, a phenomenon discussed in the 
preceding chapter. If a crystal surface is in contact with a 
saturated solution of the crystal, then, according to A. v. Buzdgh,* 
the water dipoles of the solution will be attracted by the electric 
fields of the ions at the surface of the crystal. This means noth¬ 
ing else than the formation of a lyosphere. The ions at the sur¬ 
face are not hydrated to the same extent as the free ions in the 
solution, because they are only partially provided with a water 
hull. We can compare the ions in the solution with islands 
completely surrounded by water, whereas the adsorbed ions in 
the surface would correspond to peninsulas. However, some 
of the other ions also present in the solution are likewise attracted 
by the ions of the crystalline surface. Hence a layer consisting 
of water dipoles and ions is formed in the vicinity of the solid 
crystalline surface, which guarantees a continuous transition 
between the crystal surface and the solution. 

Causes op Adsorption 

The importance of adsorption in many technical processes 
and the great variety of possibilities that this phenomenon 

^ZeU. phymkaL Chem.^ 119, 46 (1926); ZeU. Phya., 36, 170, 722 (1926;. 

* Zeii, pkyaikal» Chem.^ 106, 403 (1923). An exc^ent survey on the 
subject has been given by E. Hbtmantn, KoU. Zeit, 67, 81 (1931). 

» “Colbid Systems,” p. 204. 
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embraces have naturally resulted in a considerable amount of 
speculation as to the fundamental causes. Here, again, we find 
the dualism of opinion so often encountered. Some favor a 
purely physical explanation; others support a purely chemical 
point of view. 

The Potential Theory,—^A. Eucken,^ M. Polan 3 d ,2 A. M. 
Williams, * etc., assume that as a result of some kind of attraction 
forces, an adsorption potential exists at a certain point in 
space, in the close vicinity of the adsorbent. The potential then 
would be defined by the work that would have to be done to 
remove a molecule from that point to an infinite distance from 
the surface of the adsorbent. These theories, generally known 
as '^potential theories,^’ must assume that the adsorption layer 
can be several molecules deep or, in other words, that the adsorb¬ 
ing forces are evident at supermolecular distances. This sup¬ 
position has been strongly opposed by physicists who consider 
the range of molecular forces, such as the van der Waals' forces, 
to be of the order of molecular dimensions only. However, .the 
theoretical deductions of F. London,^ H. Ka1lTnfl.nn ^ M. Will- 
staetter, C. Hamaker, I. Langmuir, Wo. Ostwald, E. A.. Hauser, 
and D. S. le Beau (for a detailed discussion, see page 219) seem 
to demonstrate that the range at which these forces can act 
is, at least in colloidal systems, of decidedly supermolecular 
dimensions. 

Residual Valence Theory.—^In discussing the formation of the 
diffuse electric double layer (see page 98), we have already 
drawn attention to the differences in saturation between atoms 
located in the interior and those on the surface of the particle. 
An analogous concept in respect to adsorption was postulated 
by F. Haber,® who assumed that the atoms at the surface of an 
adsorbent, being saturated only toward the interior, must possess 
unsaturated or residual valencies toward the outside (see Fig. 41). 
If molecules of the substances to be adsorbed touch these 
unsaturated points, they will adhere. Since in such a case only 
one molecule, atom, or ion can be adsorbed for every residual 

1 Verh. devt phystkoH, 16, 345 (1914). 

* Ibid,, 18,1012 (1916); ZeU. Elekirochem., 26, 370 (1920). 

»Proc. Roy. Soc., 88 , 23 (1918); 39, 48 (1919); A 96, 287 (1919) 

^ Trans. Faraday Soc.^ 88 , 8 (1937).; 

B Zeit. Eleklrochem., 20, 521 (1914). 
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valency, maximum adsorption will correspond to maximum 
saturation of these residual valencies. H. Freundlich^ expresses 
the opinion that such saturation is the result of a much looser 
binding than is the case in a true chemical combination. I. Lang¬ 
muir* is to be credited for having materially elaborated this 
concept. Its limitations lie in the fact that saturation of the 
adsorbent can at best result in a monomolecular adsorption 
layer and that only homogeneous surfaces are considered. How¬ 
ever, if the surface of the adsorbent is not homogeneous or well- 
defined, in systems of a high degree of dispersion, where 
active comers or edges can no longer be neglected, the results 
called for by the theory become questionable. (For mathe¬ 
matical evaluation, see Appendix, page 240.) 

Chemical Theoiy.—^From the purely chemical point of view, 
adsorption is a chemical reaction taking place on the surface of 
the adsorbent. The resulting compoimd is considered as that 
reaction product which under given conditions has the least 
solubility of all products obtainable by chemical combination 
of the adsorbent and the adsorbed substance. In instances where 
the resulting compoimd has an electric charge, that molecule, 
atom, or ion with which the adsorbent gives the least soluble 
and dissociable compound will be most strongly adsorbed. 
(For mathematical discussion of the chemical point of view, see 
Appendix, page 240.) 

Electric Theoiy.—^The most recent approach to an explanation 
of adsorption phenomena can be presented under the general 
heading of ‘'electric theories.^' The founder of modem physico- 
chemistry, Svante Arrhenius, even assumed that adsorption 
forces might be identical with van der WaaJs^ forces. This work, 
pioneered by Keesom and P. Debye,* was elaborated by R. Lorenz 
and A. Land4,^ E. Jaquet,* E. Huckel,® and others. They regard 
the solid as continuous and conducting. A dipole approaching 
such a conducting surface will be attracted to it, just as if the 

* ^‘Kapmarchemie,"' voL 1,4th ed., pp. 190#., Ahad. Verlags-Ges., Leipzig, 
1930. 

Am. Chem. Soc., 40, 1361 (i918). 

•PAyaico, 1,362 (1921). 

* ZeU. cmorg. atlg. Chem.^ 126, 47 (1922). 

« Farischr. Chem. Phye. u. phyeikal. Chcm.^ 18,1 (1926). 

* Adsorption und Eapillarkondensation,’' pp. 15^., Akad. Verlags- 
Qes., Leipzig, 1928. 
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Fig. 69.—Dipole attrac- 


surface were a mathematical plane midway between the dipole 
and its mirror image with the poles reversed (Fig. 69). The 
results of these considerations can be summarized as follows: 
From an electrostatic point of view, adsorption energy decreases 
rapidly with distance. The adsorption of molecules on crystal¬ 
line surfaces depends on the size, shape, and distance between 
the molecules. The adsorption potential is not independent of 
temperatures. 

Here, again, we must considca: the more recent developments 
referring to the sphere of influence of the attractive forces. As 
already pointed out, F. London^ and H. 

Kallmann have been able to show that 
we not only need to consider the com¬ 
paratively short-range electrostatic 
forces in the attraction of molecules but 
that we must also take into accoimt the 
forces resulting from mutual short-period 
disturbances of the internal movement of ^ conducting surface, 

the electrons. Since it has been shown ‘that these forces can 
act over more than molecular distances, the formation of multi- 
molecular adsorption layers does not seem improbable. This 
assumption has been confirmed, meanwhile, by L. Imre,* BL 
Cassel,* and recent and still unpublished works of the author in 
connection with studies on the ionic adsorption of hydrous alumi¬ 
num dlicates. 

If one bears in mind the fact that the electric theories are of 
comparatively recent date and that the amendments as to the 
possible distance at which attraction forces can exert their 
influence are even still more recent, it seems rather premature to 
express any definite opinion as to the final value of these theories. 
However, if one may take as a barometer the few experimental 
proofs so far available, there would seem to be great possibilities 
that a careful combination of these theories will eventually lead 
to a more acceptable concept of adsorption phenomena in general. 

In tr 3 dng to summarize the most plausible present concepts of 
adsorption, we can distinguish between those th^ries that in one 


^ Zeit, physikal, Cherniy Abt By 2, 207 (1929); ZeiL Phya.y 60,417 (1930); 
Trans, Faraday Soc,, 83, 8 (1937). 

» Zeit, physikal. Chem., 171, 239 (1934). 

> Zeit. Elektrochem.y 37, 642 (1931). 
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way or another follow the idea of active centers first introduced 
by F. Haber^ and later amended by G. Gurvich,^ I. Langmuir,* 
H. S. Taylor/ H. G. Tanner,^ and others and the assumption 
that the molecules of the adsorbed substance are free to move in 
the interface as postulated primarily by A. Magnus.® In cases 
where no specific chemical relationship exists between adsorbent 
and the substance to be adsorbed, one may assume that the 
molecules are really free to move in the interface. This might 
be termed idealy or physical, adsorption. If a chemical interaction 
occurs between adsorbent and substance to be adsorbed, then a 
stronger localized bond on active centers seems more probable. 
Quite frequently we find that physical adsorption is predominant 
at low temperatures, such as in the adsorption of oxygen on 
metal surfaces; whereas, at elevated temperatures, an activated 
adsorption or chemical localization takes place. This difference 
finds its simple explanation in the fact that chemical reactions 
proceed extremely slowly at low temperatures. 

A great number of adsorption phenomena must be thought of. 
as combinations of both types. The change which a blue Congo 
acid sol undergoes when adsorbed on aluminum oxide is a typical 
example. Upon adsorption of the sol, the aluminum oxide first 
takes on the blue color, which, however, is changed to red upon 
storage or slight elevation of temperature. This is caused by 
the gradual formation of the red-colored aluminum salt of the 
Congo acid in the interface. Many dyeing processes appear to 
be closely related to this phenomenon, e,g,, the dyeing of wool, 
wherein first adsorption and then a salt formation is to be 
assumed. In the case of dyeing artificial silk, it is more probable 
that a change in particle size of the adsorbed colloidal dye is 
responsible for the change in color. The colloidal dye particles 
are first adsorbed individually. In adsorbed condition, the 
formation of larger aggregates is facilitated. 

The formation of so-called lyospheres may be considered a 
special case of adsorption. 

^ Zeii, Elektrochem., 20, 521 (1914). 

* J, Buss. Phys. Chem. Soc., 48, 837 (1916). 

» J. Am. Chem. Soc., 40, 1361 (1918). 

* lUd., 28, 939 (1924). 

^Ihid., 84,2171 (1932). 

^ZeU. physikaL Chem., 142, 401 (1929). 
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Hbterogbneoits Catalysis 

Undoubtedly, the most interesting and industrially most impor¬ 
tant adsorption reaction is heterogeneous catalysis. I. Lang- 
muir^s^ discussion of the catalytic formation of carbon dioxide 
and water on platinum may well be considered a turning point 
in our entire concept of this phenomenon. He assumes that 
every oxygen molecule striking a clean platinum surface will tie 
up with a single platinum atom. This bond is so strong that no 
appreciable evaporation takes place even at high temperatures. 


• -NICKEL ATOM 



Fia. 70.—Siirface configuration of a catalyat (schematic). 


The oxygen atoms so bonded are extremely reactive toward 
carbon monoxide. Every monoxide molecule that collides with 
an oxygen atom reacts therewith. The oxygen atom, its valencies 
now fully satxirated, is easily removed from the surface (because 
of the resulting loosening of the oxygen-platinum bond), leaving 
a vacant space. This space can now again be filled by either an 
oxygen or a carbon monoxide molecule. If a carbon monoxide 
molecule collides with the clean platinum, it is the carbon atom 
that will tie up with the platinum. The oriented adsorbed film 
so formed is inactive to a colliding oxygen atom, because it is 
the oxygen atom of the carbon monoxide that is directed to the 
outside. The carbon monoxide film is not held so firmly as 
the previously discussed oxygen film, and appreciable evaporation 
takes place at a fairly low temperature. This explains the advan¬ 
tages of working at elevated temperatures, because a carbon 
monoxide film if once formed acts as a ‘^poison” for further 
catalytic reactions. Similar deductions can be drawn in the case 
of hydrogen instead of carbon monoxide. 

^ Trans, Faraday Soc.j 17, 621 (1921); see also ibid,^ p. 609. 
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H. S. Taylor,^ working mainly with nickel as a catalyst, dis¬ 
cusses the discrepancy that exists between the amount of a 
catalyst poison in a given system and the corresponding 
reduction in adsorptive capacity at the surface of the catalyst. 
To overcome this serious drawback in the ^^active-center theory,^^ 
he conceived for the sxirface of the catalyst a configuration 
schematically shown in Fig. 70. He postulates that the ^ ^ poison 
is preferentially adsorbed on the protruding points of the catalyst, 
thereby rendering its surface less active. This concept also offers 
a simple explanation for the experimentally often proved fact 
that rough surfaces are better adapted for catalytic reactions than 
smooth ones. Furthermore, Taylor’s idea of active peaks offers 
a simple explanation for more complicated catal 3 rtic processes, 
the hydrogenation of oils. The highly unsaturated nickel 
atoms can simultaneously adsorb hydrogen and unsaturated oil, 
chemical combination due to close vicinity of the adsorbed 
atoms being the second step. If the bond between the nickel 
atom and the adsorbed atom^is suflBiciently strong, the nickel can 
even be tom out from the surface. Such an assumption would 
explain, according to E. F. Armstrong and T. P. Hilditch,^ the 
frequently determined presence of minute quantities of nickel 
in the reaction product and especially the frequently observed 
pitmarks or roughness of originally smooth surfaces of catalysts. 
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PROTECTION AND SENSITIZATION 
OF COLLOIDAL SYSTEMS 

STABiLirz OF Colloids 

When the difference between lyophobic and lyophilic colloids 
was being discussed, it was pointed out that the former are 
extremely sensitive to the influence of electrolytes. Owing 
to the lack of an easily hydratable surface, they caimot, after 
having once been desiccated, be brought back into their original 
degree of dispersion without drastic physical or chemical means. 
In contrast thereto, desiccated lyophilic colloids can be redis- 
persed without difficulty. 

It has been found that upon adding an appropriate quantity 
of a lyophilic colloid to a lyophobic one, the latter is not only 
noticeably stabilized against influence of electrolytes but can 
now easily be redispersed, even after it has been more or less 
completely dried out. Colloids that exert such a protective 
action on other colloids have been termed, after a su^estion 
made by A. Lottermoser,^ 'protective colloids. 

Protbcttvb Colloids* 

Mec hanis m of Protection.—^According to R. Zsigmondy* and 
E. JoSI, protective colloids are colloids that by themselves are highly 
stable toward the influence of electrolytes (Jyoo'atie sols) and capable 
of imparting iMs property to electrocratic sols if added therOo. 
Zsigmondy supposed two possibilities of protection to exist. The 
lyophilic particles may be adsorbed on the surface of the lyophobic 
particle to be protected, thus forming a more or less layer 
(Pig. 71a). This layer furnishes the protected particle with the 
specific properties of the protective colloid. The electrocratic 

prakL Chem., 66 , 272 a897); Zeit. phygikdL Chm., 62 , 284 (1908). 

* See the contributions by A Gurana in KcH Zeit., vols. 18 , 19 , 20.25 28 

29 , 80 , 81 , 32 , 38 , and 84 . > > > 

* 2leit. phy^kaL Chem., 118 , 299 (1924). 
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particles are no longer sensitive to the influence of small 
quantities of electrolytes; they can be reversibly desiccated and 
even migrate in an electric field at a rate typical for the 
migration of the respective protective colloid used. This has 
been demonstrated by H. Freundlich and H. A. Abramson/ in 
determining the rate of migration of quartz particles coated with 
varying amounts of gelatin. When the particles of the protective 




O -TO-BE-PROTECTED PARTICLE 

• - PROTECTING PARTICLE 
Fig. 71.—Colloidal protection. 

colloid are large compared to the colloid to be protected, then 
Zsigmondy assumes that the lyophobic particles are adsorbed by 
the lyophilic ones. In this case (Kg. 71&), the electrocratic 
particles also would be immobilized and acquire the properties 
of the protective agent. This possibility has been demonstrated 
by the addition of gelatin to a concentrated gold sol. The sol 
was materially increased in stability but showed a very noticeable 
change in color from red to blue. This color change indicates an 
increase in effective particle size as a result of the agglomeration 
"^of the particles adsorbed on the surface of the gelatin particles 
acting as a protective colloid. 

There are numerous experimental proofs for the theory advo¬ 
cating a protective coating* J. Loeb* and Limburg* could prove 
that hydrophobic collodion or paraflSn particles, if coated with 
gelatin, react as if they were gelatin particles. W. Reinders and 
W. M. Bendien^ demonstrated that a gold sol sufficiently pro¬ 
tected with a protein can exhibit positive or negative signs of 

1 ZciC. physiad. CAem., 188, 51 (1928). H. A Abeamson, J. Am, Chem, 
Soc.^ 50, 390 (1928). G. Lindau and F. Rhodiub, Zeit, physikdL Chem,, A 
172, 321 (1935). C. Bondt and E. Febuotlich, CompL rend, du Labora- 
toire Carleherg, 22, 89 (1937). 

* J, Qen, Physiol, 6, 395, 479, 505 (1923). 

» Rec, Traiv, CJdm, Pays-Bas, 46, 875 (1926). 

4 Ibid,, 47, 977 (1928). 
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charge, depending on the pH values of the solution. Besides the 
formation of a protective coating, the possibility exists that the 
molecules of the protective colloid are oriented in the interface. 
In such cases, protection is generally increased. 

Since the days when A. Lottermoser and E. v. Meyer^ showed 
that silver sols can be protected against coagulation by the addi¬ 
tion of a protein, similar effects have been observed with many 
other protective colloids, especially organic hydrophilic colloids. 
For example, the lysalbinic and protalbinic acids and their 
alkali salts, first described by C. Paal,^ are outstanding in their 
protective action. Both are decomposition products of proteins. 
As inorganic protective colloids, the sols of stannic and silicic 
acid and thorium hydroxide should be mentioned. The stannic 
acid sol offers good protection for metal sols; the silicic acid sol 
has been applied by A. Fodor and A. Eeifenberg® in the protection 
of Fe208 and CraOs. C. Frondel and E. A. Hauser^ have demon¬ 
strated that colloidal “silica is an excellent protective colloid 
for colloidal gold. Surface active substances, such as soaps and 
saponin, have proved to be satisfactory protective colloids in only 
a few cases, e.g., with sulphur and Prussian blue. Several pro¬ 
tective colloids such as tannin or Paal's acids can simultaneously 
also act as reducing agents in the case of noble metals, e.g., the 
production of gold sols in the presence of tannin. 

Up to now we have discussed only the protective action that 
typically hydrophilic colloids exert on hydrophobic systems. In 
most investigated cases, inorganic matter has been protected by 
orgamc matter. However, there are also cases in which organic 
substances, possessing a small amount of hydrophilic organic 
protective colloid, have been materially improved in regard to 
their stability by the addition of an appropriate amount of a 
highly efficient organic hydrophilic colloid. A typical example 
of such a procedure is the fimdamental idea of the so-caUed 

Revertex process® for rubber latex concentration by evapo¬ 
ration. Rubber latex as such is a dispersion of the hychrophobic 

1 /. vrakL Chem., 56 (2), 242 (1897). 

* B«r., 85, 2195 (1902). 

» Koa. ZeU,, 42, 18 (1927); 45, 22 (1928). 

* Ecim. Oeol., 38,1 (1938). 

♦See, E. A. Hausbb, “Latex,” p. 114, Reinhbld Publishing Cor¬ 
poration, New York, 1930. 
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rubber hydrocarbon in a watery medium. The proteins present 
in this medium are adsorbed on the individual rubber particles, 
thus giving the system the stability that it needs to carry out its 
functions in the plant. However, the protection is insujficient 
to stabilize the latex, if brought outside the plant, against the 
influence of coagulating electrolytes or of evaporation. If a 
suitable protective colloid is added to such latex, it can be 
reversibly evaporated down to the consistency of a thick paste 
or even to a dry powder. 

The Gold and Ruby Figures 

For the purpose of obtaining some comparable figures in regard 
to the protective efficiency of different substances, R. Zsigmondy 
devised the so-called ‘^gold figure.^^ This can be defined as 
that concentration of a protective colloid^ expreesed in milligrams per 
10 cc. of {he solution, sufficient to prevent a change in color of a 
brightrred gold sol to violet upon the addition of 1 cc. of a 10 per cent 
sodium chloride solution. The difficulty in standardizing gold 
sols has resulted in substituting, at Wo. Ostwald's^ suggestion, 
a Congo ruby sol for the gold sol and determining the ^‘ruby 
figure,^' which is that amount of protective colloid calculated on 
100 grams of Congo ruby sol of a final concentration of 0.01 per cent 
which will just permit the observation of the color change 10 minutes 
after 160 miUimoles of KCl have been added. 

Gold figure as well as ruby figure may not be considered as 
very exact from the point of view of a general classification of 
protective efficiency of different colloids. A number of cases are 
known where colloids with extremely low gold and ruby figures 
have completely failed in their protective efficiency on other 
colloidal dispersions. This is not astonishing if one realizes that 
the natural stability of colloidal dispersions depends on a great 
number of factors, e.g., the entire prehistory of production, 
charge, size and shape of the particles, concentration, and type 
of ions in the dispersion medium. Here the old Roman proverb 
^^QiLOt licet iovi, non licet bovi^^ can be applied. What protects 
a gold sol need not be effective for Mother type of coUoidal 
system.* 

1 KoU. Beih., 10,179 (1919); 11, 74 (1919); 12, 92 (1920). 

»See H. M. Cassbl, J, Phys. Chem., 42, 965 (1938). 
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Sensitization 

In the case of many sols, it has been found that their stability 
under the influence of electrolytes is decreased even below their 
natural stability if protective colloids have been added in amounts 
lower than called for by the gold or ruby figure. 

No final and completely satisfactory explanation of this phe¬ 
nomenon, known as sensitization(sensibilization), can yet be 
offered. So far, the assumption postulated by N. Peskoff^ and 
elaborated by H. Freundlich and collaborators^ seemed the most 
probable. Particles of lyophilic sols like those of lyophobic sols 



Fzo. 72.—Colloidal protection and sensitization (schematic). 


can unite with particles of another sol if they carry opposite 
charges. If we assume the case where a positively charged 
hydrophobic sol should be protected by a negatively charged 
hydrophilic sol, we shall form secondary particles. These consist 
of two different types of primary particles and because of partial 
neutralization of charge must be less stable than the individual 
systems were. A small amount of lyophilic particles can thus 
cause destabilization, and only with increasing quantities will the 
stabilizing effect of the lyophilic sol become predominant. How¬ 
ever J. T. G. Overbeck* has recently pointed out that sensitization 
and protection are not dependent on the charges of the two col¬ 
loids (a negatively charged protective colloid can be adsorbed on a 

^ J. Bu 88. Chem, Oea,, 49,1 (1916). 

* H. Fbbttndlich and G. Lindau, Biochem. Zeit,, 208, 91 (1929); 219,385 
(1930). H. Febunduch and A Bbossa, Zdt phyaikal, Chem,, 89, 306 
(1915). H, Fbbundlich and E. Lobning, KoU. Beih., 16, 1 (1922). 

•Sjonposinm on hydrophobic colloids, Utrecht, 1937, p. 121; Chem. 
WU., 35, 117 (1938). 
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negative electrocratic particle) but that primarily the concentra¬ 
tion of protecting colloids and those to be protected decides 
between protection and sensitization. 

With extremely low concentrations of lyophilic colloid, the 
electrocratic particles coat the former, so that it is in no position 
to exercise its protective action upon the influence of electro¬ 
lytes from the outside. Once the hydrophobic particles are dis¬ 
charged, they will readily unite with other particles coming in 
contact with them (Fig. 72). 



CHAPTER XII 
DISPERSION (PEPTIZATION) 

Terminology and Definition.—Wo. Ostwald^ has enumerated 
as the three most characteristic properties of dispersion or 
peptization the solviion intensity, solution capacity, and solution 
dispersivity. It therefore seems appropriate to define and discuss 
these properties separately. Solution intensity is synonjrmous 
with the stability of the sol obtained by peptization and its 
resistance to coagulating influences. In Chap. VII, it was 
pointed out that one must differentiate between spontaneous col¬ 
loidal dissolution of highly lyophilic colloids and the peptization 
of lyophobic coagula. The first phenomenon is primarily the 
result of a very pronounced solvation of the particles, whereby 
constitutive relationship between solvent and substance to be 
dissolved also must be taken into consideration. Since the 
hydration (solvation in a watery medium) of particles depends, 
as shown in Chap. IX, on the type and arrangement of the ions 
present in the double layer, the electric charges and therefore 
electrical processes may also not be neglected. For instance, in 
the case of the peptization of distinctly lyophobic coagula, the 
electrical effects are mainly to be' considered. The individual 
particles are already preformed in the coagulum; they adsorb 
the added peptizing agent, causing the formation of an electrical 
double layer. As soon as such a double layer has been estab¬ 
lished, the particles repel each other. Since repulsion will be the 
greater the more strongly the particles are charged and the thicker 
the diffuse double layer is, one is led to the conclusion that those 
compounds which have strong charging properties will be the 
most effective dispersing or peptizii^ agents. Compounds that 
easily form soluble and dissociable reaction products with the 
particle or result in oriented adsorption are especially suited. 
Solvation is also of importance, since the adsorbed ions or com¬ 
plexes, which sometimes are formed by the peptizing agent and 
surface dissociated ions of the particle, will bind a certain amount 
of water. 

^ KoU, ZeU., 48, 249 (1927). 
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Ionic adsorption of appropriate substances on suspended 
particles aids in increasing their electric charge, thus resulting in 
improved dispersion of the material.^ 

The term sohdion capacity refers to the maximum concentra¬ 
tion obtainable in the resulting S 3 rstem. The term, therefore, is 
synonymous with solubility in its usual sense. As simple as the 
determination of solubility is in the case of perfect solutions, so 
complicated does the determination of solution capacity become 
in the case of colloidal systems. The reason for this is that 
systems containing a colloidal constituent are in the majority 
of cases polydisperse systems. A correct answer for solution 
capacity, then, can be given only by determining the complete 
particle-size distribution carve^ for the entire S 3 rstem. 

This is admittedly a tedious undertaking, and therefore one is 
generally satisfied in isolating a fraction characterized by a cer¬ 
tain maximum particle size. This can be accomplished by simple 
sedimentation, centrifuging, or filtration. The dissolved quan¬ 
tity” in a definite volume of the sol is then determined and 
generally called peptized quantity. There are a number of factors 
affecting the amoimt of peptized matter, e.g., type and concen¬ 
tration of the peptizing agent; amount of the substance to be 
peptized; its structure; temperature; time; and the method 
applied in performing peptization. The results are generally 
given in the form of simple peptization curves (functional rela¬ 
tionship between peptized quantity and the governing variable) 
or, as suggested by A. Dumansid,* in the form of triangular 
diagrams. 

Concentration of Peptizing Aqent^ 

As a logical consequence of the foregoing discussion, we can 
also infer that in the case of peptization by adsorption of electro¬ 
lytes, there must exist a similar relationship in regard to the 

^ See, e.^., J. Wagnxb, M. Sc. thesis, Chemical Engineering D^artment, 
Massachusetts Institute of Technology, 1938. 

*For a detailed description of methods, see, e.^., the contribution by 
Sven Od^ in J. Alexandsb, ^'Colloid Chemistiy (Theoretical and 
Applied),” vol. I., pp. 861-909, Ednhold Publishing Corporation, New 
York, 1926; Kda, ZeU.y 18, 33 

> KoR. BeiK 31, 418 (1930); Kdl. ZeU., 60, 39 (1932). 

^ A. V. BuzIgh, ‘‘Colloid Systems,” p. 251, The Technical Press, Ltd., 
London, 1937. 
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concentration of electrolyte, as has already been discussed in the 
case of the f potential. Peptization reaches a maximum at a 
given concentration of electrol 3 rte which depends on the amount 
of gel available. On both ades of the maximum, the possibility 
of sol formation decreases. In contrast thereto, we find in the 
case of peptization by dissolution that the amount of peptized 
matter increases with increasing concentration of peptizing 
agent, assuming that a constant amount of gel is present. The 
reason for this is the fact that more and more gel particles will 
go into solution. 

The optimum of peptizability corresponds to a given adsorbed 
amount of the peptizing agent. In most chemical reactions 
where gels are formed, we deal with systems containing an excess 
of electrolyte. If such a system is placed in water, no noticeable 
changes take place, because the adsorbed electroljrte retains its 
influence on the gel particles. However, if such a gel is sub¬ 
mitted to repeated washings, the coagulating electrolyte will be 
gradually removed, and the gel will show signs of peptization as 
soon as it has reached a certain degree of purity. (Such is the 
case w’hen sulphides, for example, are washed excessively on a 
filter.) In a further purification of the gel, peptization will cease 
as soon as the i potential of the system has again dropped below 
its critical value. 

The relationship between peptization, f potential, and electro¬ 
lyte concentration, or, in other words, the correct relationship 
between repulsive and attractive forces of colloidal systems and 
their stability (see also page can be demonstrated by the 

following experiment: A sol stabilized by the addition of electro¬ 
lyte just beyond its critical potential is submitted to rapid ultra- 
filtration.^ If the filter residue is taken up with electrolyte free 
water, an unstable suspension results. However, if the residue 
is redispersed in its filtrate, original stability will be restored 
immediately.* 

The Influence of the Dispersed Part 

In highly disperse systems, solubility is independent of the 
quantity of both components, i.e., of the quantity of the bulk 

^For a recent discussion of xiltraSltration see, M. Amat and J. 
Duclaux, J , chim , phya ,, 85, 147 (1938). 

* These experiment^ results substantiate a theoretical deduction by 
C. Hamaker, communicated to the author. 
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phases. This fundamental fact is generally known as the law of 
0ay-Lu8%ac. In the case of colloidal dispersions, such an inde¬ 
pendence of dissolved^’ amount of the disperse part does not 
exist. In quantitatively studying colloidal dispersion processes, 
Wo. Ostwald^ and A. v. Buzdgh^ established a new rule known 
as the disperse^-part rule {Bodenkoerperregel)^ which postulates the 
direct opposite of Gay-Lussac^s law. Colloidal peptizability 
{solvhility) is not independent of the quantity of the disperse part 
originally present; we find either that it increases continuously with 
increasing amounts of disperse part present or that it exhibits a 
maximum at medium amounts of dispersed matter. The rule of 
Gay-Lussac can hold only for systems whose active mass” can 
be considered as constant. This is not the case of colloidal 
aggregates, as has been previously discussed. Furthermore, we 
must bear in mind that colloidal peptization can be influenced by 
several factors. They may be of kinetic nature or connected 
with interfacial phenomena, adsorption, spacial arrangements, 
etc., all of which can be fully neglected in the case of truly 
molecular solutions. 

If, according to Wo. Ostwald and A. v. Buzdgh, varying 
quantities m of an insoluble substance are dispersed in an equal 
amount of a liquid that is inert toward the powder, and one 
determines after a given time t the amoxmt of nonsedimented 
matter in a given column of liquid xt, different Xt — m curves will 
be obtained, depending on how the distribution of particle sizes 
varies with the total quantity of suspended matter. If the 
distribution of particle sizes were independent of the total sus¬ 
pended amount, the function x = f{m) would be represented by 
a straight line. Such a case can be realized only in extreme 
dilutions and systems where no forces act between the particles 
and where no particle interference occurs during sedimentation. 
In instances where attracting forces act between the sedimenting 
particles, a coagulating effect results which, according to a 
su^estion by G. Wiegner,* has been termed orthokinetie coagulor 

1 KoU. ZeU,, 41,169 (1927); 43, 225, 227 (1927); 50, 65 (1930). See also 
V. BuzXgh, op. dt,, pp. 251#. 

» KoU, ZeiL, 41,165 (1927); 43, 215, 220 (1927); 48, 33 (1929). See also 
K C. Sen and N. R. Dhab, ibid,, 33,193 (1923); 43,17 (1927). J. Tbatob, 
47, 45 (1929). 

*See P. Tuobila, KoU, Beih., 24, 1, 27 (1927). H. Gbssnxb^ *^Die 
Schlemmanalyse,” Akad. Verlags-Ges., Leipzig, 1931. 
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tion (see page 54). This will become the more pronounced the 
more concentrated the suspension. In such a case, the non- 
sedimented quantity can be expressed by the equation 


a;* == m — w, 

where m, represents the quantity settled out in time t. m, can 
be any function of the total suspended matter. This is no longer 
a linear function. The amount of sediment, owing to a con- 

12 3 4 5 
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Fig. 73.—Sedimentation of suspensions and ohange in degree of dispmrsion for 
various concentrations of suspended matter, r, particle size. 

tinuous decrease in degree of dispersion, increases with the 
suspended quantity. The function Xt = m — m, must pass 
through a maximum. The most concentrated suspension is 
obtained with a medium amount of disperse part. This is 
schematically shown in Mg. 73, taken from A. v. Buzdgh. More¬ 
over, it must be kept in mind that the amount that settles out 
in the time t depends not only on the added quantity but also 
on the original degree of dispersion, because larger particles 
will settle more rapidly and because the attractive forces between 
particles also increase with size. In the case where particles are 
dispersed in an electrolyte solution, the phenomenon becomes 
even more involved, since in this case one may assume that their 
f potential, as well as the forces acting between them, may 
undergo various changes. In this respect, the quantity of 
adsorbed electrol 3 rte is of importance. 
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Peptization by Electrolyte Adsorption 


According to Kroeker^s relationship (see Appendix, page 239), 
the quantity of electrolyte adsorbed per unit quantity of the 
suspended matter decreases when the added amount is increased. 
With small quantities of dispersed matter present, the peptizing 
agent (electrolyte) will be too strongly adsorbed, causing floccula¬ 
tion (neutralization of charge). With too large a quantity of 
suspended matter, the amount of peptizing agent that can be 
adsorbed on one particle is insufficient to charge the particles 
up to the critical potential. Consequently, the maximum of 
peptization must correspond to a maximum of charge per 
particle.^ This deduction is schematically shown in Fig. 74, 
taken from Wo. Ostwald's cited publication, m is the amount of 
dispersed matter present; re, the adsorbed amount, xjm there¬ 
fore represents the specific adsorption^ 
i.e., the amount adsorbed per unit 
weight of adsorbent. To obtain pep¬ 
tization, the value of x/m must lie 
between the mean values (x/m) and 
(x/m) 2 which correspond to a medium 
amount of disperse part. 


(h), 

(m^ 



m • 


Solution DiSPERSIVITY 74.—Specific adsorption 

and peptization in relation to 
The distribution curve of the par- quantity of dispersed mat- 

tide sizes of the dispersed constituent 

is the main criterion for the solution dispersivity. Since 
most natural colloidal dispersions are of a polydisperse 
nature, a clear definition of the solution dispersivity of such a 
system calls for a complete particle-size-distribution analysis. 
But even when dealing with originally monodisperse systems, 
changes due to aggregation of particles in time may not be over¬ 
looked. The solution dispersivity can also change when dealing 
with temperature- or concentration-variable systems, e.g., soap 
solutions. 

Rate of Peptization. —^The rate of peptization is generally 
measurable. According to Wo. Ostwald and H. Schmidt^ and 


1 See Wo. Ostwald, Roll. Zeit., 43, 249 (1927); 49, 188 (1929). A v. 
BuzXgh, iWd., 46, 178 (1928); 49, 185 (1929). B, Hbymaiw, ibid,, 48, 
195 (1929). 

43,276 (1927). 
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A. voa Buz^gh,^ the peptization velocity curve of lyophilic 
systems is generally S shaped. The peptization of lyophilic 
coagula can be expressed by the equation for monomolecular 
reactions, as can also that of most lyophobic gels. The peptiza¬ 
tion of lyophobic, nonswelling coagula, if carried out under 
\'igorous mechanical agitation in the neighborhood of the critical 
f potential, follows a maximum curve (Fig. 75). The decrease 
is the result of mechanical coagulation. 

The influence of temperature on peptization is not yet suffi¬ 
ciently explained to warrant any final conclusions. 


Swelling 



When a solid substance absorbs liquid with which it is brought 
in contact and thus increases its own volume, we call this phe¬ 
nomenon swelling. In such an instance, 
if the liqind penetrates into the interstices 
between the particles of the aggregated 
structure and pushes them apart, we can 
speak of a dispersion process, since the 
degree of dispersion of the solid constitu¬ 
ent is increased. However, if the liquid 
Fia. 75.—Mechanical penetrates into the interior of the ultimate 
coagulation. structural units and causes these units to 

swell themselves, they increase in size, and we therefore decrease 
the actual degree of dispersion. 

limited and Unlimited Swelling.—^We can distinguish, too, 
between limited and unlimited swelling. In the first, the amount 
of liquid absorbed reaches a maximum; the product obtained is 
known as a lyogel. In the second, that of unlimited swelling, 
the amount of liquid does not reach a maximum, but the sub¬ 
stance continues to swell after once having reached the state of a 
lyogel, the distance between its structural units increasing imtil 
they finally break apart and are dispersed. As examples of 
limited swelling, one may take gelatin or agar in pure water at 
temperatures below 30®C. or crude, unmiUed or soft vulcanized 
rubber in organic solvents. Unlimited swelling phenomena can 
be represented by gelatin or agar in water above 30®C. or gum 
arabic or soluble starches at any temperature or crude but well- 
1 Kda. Zeit., 44,156 (1928). 
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milled rubber in organic solvents.^ Naturally there will be 
transition cases between these two types of swelling, since in the 
final analysis they are not fundamentally different from each 
other. 


Mono- and Multiphase Systems 

May one consider the swelling of a gel as a solid solution? Or 
is it the result of the adsorption of the liquid on the solid sub¬ 
stance? The question can also be put as follows: In physico¬ 
chemical terms,'may one consider the swollen matter as a 
monophase system, or should it be classified as a multiphase one? 
In trying to answer this question, it must be borne in mind that 
systems of any degree of dispersion or difformation can absorb 
liquid and thus increase their volumes. Such systems if stable 
show a more or less uniform mixture of the liquid and of the solid 
constituent. Whether we obtain a paste, a lyogel, a true gel, 
or what is known as a hydrate wiU depend on how the liquid has 
been distributed in the solid. In the case of highly disperse 
83 ^ems, a solid solution may be produced as one extreme; and 
if we are dealing with coarse dispersed matter at the other 
extreme, a paste will be the result. In between these two limit¬ 
ing cases, a great number of further possibilities can be imagined, 
so that here, again, the colloidal range of dimensions, being 
intermediate between the foregoing limits, is bound to demon¬ 
strate the great difference in properties that have become so 
characteristic to matter in this condition. 

In the case of solid solutions or hydrates, we must assume such 
a uniform intermixture of components, so that their distribution 
corresponds to those of discrete or molecular discontinuities. 
Hence such systems may well be termed ^^single-phase systems.” 
With coarse dispersions we would have to speak of “multiphase 
systems.” We are now in the same quandary as when we tried 
to find a more general point of view for the systematics of the 
colloidal range. Again, we must look for one outstanding factor 
common to all swelling phenomena. This factor is the liquid 
entering into the solid substance. It attaches itself in one way 
or another to the solid without disrupting, at least at the start, 
the cohesion that exists between the individual particles of the 
solid. In highly disperse systems, the swelling liquid will be 

1E. Bboda, Natwre^ 142,116 (1938). 
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attached to the most discrete building elements by chemical 
valencies or solvation, resulting in the formation of typical 
hydrates. Nevertheless, the liquid may also enter into the 
preexisting interstices and hollows by capillary action. That 
such is the case has been clearly demonstrated by J. Traube and 
P. Klein' and by J. E. Lynn,* who showed that the dissolution 
of crystals is not a continuous process but that the crystal is 
first broken down into submicrons. This means that the solvent 
will take the path of least resistance by first entering the inter- 




XEROGEL LYOGEL 

a b 

Fig. 76.—Gels. 

micronic channels and only afterward penetrating into the inter- 
molecular or interionic insterstices. In the case of pastes, 
consisting of coarse powders, which do not swell by themselves, 
we are dealing with pure adsorption of the liquid penetrating into 
the powder heap by capillary action. With felt, sponges, and 
the like the apparent increase in volume is mainly due to the 
adsorption of the liquid on the solid matter and the formation of 
lyospheres, whereas the penetration into the actual interstices 
of the fiber is of secondary importance only. 

Xbrogbl; Ltogbl 

We have called attention to the fact that the basic difference 
between a sol and a gel is that the former has its colloidal micelles 
sterically and dynamically separated from each other, whereas 
in the gel state they are held in position by an equilibrium between 
attractive and repulsive forces or by actual contact and formation 
of a rigid skeleton. Differentiation can now be made between* 
so-called xerogeU, where the micelles are in direct contact with 
each other or connected by some cementing substance (Kg. 76a), 
and lyogels, where they are sterically but not dynamically sepa¬ 
rated by layers of liquid (Kg. 765). If the liquid is absorbed in 
such a way that it is actually only adsorbed on the surface of the 
^ KoO. ZeU., 29, 236 (1921). 

* B.S. thesis, Massachusetts Institute of Technology, 1037, unpublished. 
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micelles, thereby forming lyospheres, the micelles will retain both 
structure and arrangement. 

Inter- and Intbamicellar Swelling 

According to J. R. Katz,^ this type of swelling has been termed 
intermicellar swelling. In such cases, the x-ray diagram (but 
only if the micelles are crystallites) will show no change in the 
position and intensity of the interference spots or lines. When 
liquid enters into the interior of the micelles, it is called intror 
micellar swelling. The x-ray diagram fades out. In certam 
instances, both t 3 rpes of swelling phenomena take place simul¬ 
taneously, e.g., in bentonite gels, where an oriented intramicellar 
swelling of the single clay particle and an intermicellar swelling 
of the clay micelles must be considered. 

Swelling Pressure 

When a substance swells, it exerts a certain amount of pressure 
on its surroundings. This is known as the swelling pressure. 
The concept that the formation of lyospheres is responsible for 
such pressure has often been disputed. However, since the total 
of the volume of the swelling substance plus that of the adsorbed 
liquid decreases in the swollen gel, and because of the connection 
between the contraction of the gel and the heat evolved during 
swelling, there seems to be sufBicient proof for the formation of 
such lyospheres. The contraction in volume might be explained 
by a rearrangement of the micelles as well as by a condensation 
of the liquid in the adsorption layers. 

V. BuzAgh* expresses the opinion that the mechanical tension 
of the lyospheres is opposed by the elastic attracting force 
between the particles and the surface tension of the liquid. At a 
certain degree of swelling, an equilibrium is reached. A similar 
view was expressed by O. v. Terzaghi,* who assumes that the 
force responsible for swelling is an elastic force between the 
micelles preventing their approach. The surface tension of the 
liquid tends to lower its vapor pressure by decreasing the surface 
area in the interstices, thereby opposing expansion. Terzaghi’s 

^Physikcd. Zeit., 25, 321, 659 (1924). 

* “Colloid Systems,” p. 264. 

* CoU. Symp. Monogr.y 4, 68 (1926). 
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xievr takes into consideration the ratio of volume of liquid to 
volume of gel structure. 

However, it seems insulBScient to consider only purely mechani¬ 
cal factors to be of importance; electrical charges of the micelles, 
solvation, and possibly osmosis^ (Donnan equilibrium, see page 
110) are factors that may not be overlooked. Wo. Pauli* and 
also A. KuntzeP demonstrated that electric charges can play an 
important role. The swelling increases with increasing charge 
and exhibits a minimum at the isoelectric point. 

Frequently an attempt has also been made to correlate swelling 
with osmotic pressure. Although it cannot be denied that 
osmosis plays some part in certain swelling phenomena, it is 
hardly justifiable to consider this possibility of primary signifi¬ 
cance. At present, we must admit that all available information 
indicates that swelling phenomena are the result of various causes 
and that they are governed by different ones in different steps Of 
the process. The complexity of the phenomenon as such and 
the fact that most of the colloid systems so far investigated are 
polydisperse and therefore complex in themselves have made the 
finding of a fundamental answer highly improbable from the 
very start. In recent years, more attention has been paid to 
studying various colloidal phenomena with well-defined and 
reproducible monodisperse fractions. On the basis of results so 
far available, the prediction seems justified that the fundamentals 
governing swelling phenomena will be forthcoming in the near 
future. 


Recent Considbbations 

Probably a new approach offers itself as an amendment to the 
purely theoretical deductions of H. Freundlich and J. Rubin^ and 
especially C. Hamaker,® based on the work of F. Lrondon* and 

^Wo. OsTWAUo and K. MtJNDtBB, KoU, Zeit., 24, 7 (1919). E. L. 
Lbuebbs, ibid,, BS, 41 (1931). 

* “Elektrochemie der Kolloide,” Julius Springer, Vienna, 1919. 

^ Biochem, Zeit,, 209, 326 (1929). 

4 “Thixotropy,” No. 267 of ‘‘Actualit^s Scientifiques et Industrielles,” 
p. 13, Hermann & Cie, Paris, 1935. 

«Ecc. tr<w, chim. Paya-Bas, 66 , 1015 (1936); 66, 3, 727 (1937); 67, 61 
{193S); Pkysica, 4,1058 (1937). 

< Zeit, physikcd. Ckem,, Aht B, 2, 207 (1929). 
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H. Kallmann and of H. Kallmann and M. Willstaetter.^ (For 
further details, see discussion on page 198.) If it is assumed that 
repulsion of particles can be brought about either by increasing 
the charge on their surface, i.e., by the formation of an electric 
double layer, or by increasing solvation and thereby increasing the 
active thickness of the so-called lyosphere, and, assuming attrac¬ 
tion to remain constant for a given system, depending on cohesive 
forces proportional to the mass of the particle, it seems possible 
to offer a simple explanation without having to resort to com¬ 
plicated structural assumptions. With the latter we are referring 
to the web- or honeycomblike structures or to the assumption of 
network formed by an interlinking of long chainlike molecule- or 
filamentlike aggregations of colloidal micelles (see also page 214). 
The only assumption that has to be made is that the particles 
present in gel form retain the ability to solvatize or to form elec¬ 
tric double layers upon being brought in contact with the swelling 
liquid. 

As soon as the repulsive forces make themselves evident, they 
will tend to push the particles apart. The result must be a 
swelling of the mass and exertion of pressure on the surrounding 
walls of the container. Since increase of charge as well as solva¬ 
tion depends on a variety of factors attributable to the character¬ 
istics of the solid constituent and also of the swelling liquid, it 
appears logical that differences in type of swelling can occur. In 
gelatin, for instance, we have stated that up to a temperature of 
30®C. there is limited swelling; and at higher temperatures, 
unlimited swelling. In both cases, the amoimt of water is the 
same. It may be safely assumed that the degree of solvation is 
the same but that the kinetic energy of the particles at low 
temperature is insufficient to take them out of the sphere of 
influence of the attraction forces. This is also in complete accord 
with the fact that hydration generally decreases with increasing 
temperature. In the case of unmilled rubber, solvation alone 
cannot overcome the undestroyed molecular attraction of the 
long main-valency chain molecules; whereas in milled rubber, 
the size and configuration of the molecule is no longer capable of 
exercising a compensating attraction force. Another example is 
the colloidal clay bentonite, which swells upon the addition of 
water as a result of intramicellar expansion; and the formation of 

^ Naturw., 20, 952 (1932). 
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double layers as a result of surface dissociation. As long as the 
built-up repulsive forces and the concentration pf such a system 
are so matched that the distance between two particles still falls 
in the range where attractive forces can exert their influence, we 
shall retain a gel. However, if concentration is decreased by 
dilution, the particles will be forced out of the zones of mutual 
attraction, and a sol will result. 



CHAPTER XIII 


COAGULATION AND DISSOLUTION 

The Desteuction of Colloidal Systems 

The colloidal range has been defined as being intermediate 
between the coarse and the analytical state of dispersed matter. 
Just as it is possible to produce colloidal systems either by 
comminuting (dispersing) coarse matter or by condensing highly 
disperse systems, so there must logically be two ways of destroy¬ 
ing colloidal S 3 ^tems. We can either decrease the degree of 
dispersion, thus forming coarser suspensions or large coherent 
solid bodies, or we can increase the degree of dispersion and pro¬ 
duce anal 3 rtical or highly disperse systems. The former pro¬ 
cedure is generally known as (X)aguhii<m, whereas the latter is 
called dissolution. 

Recrystallization is an example of a continuous decrease in the 
degree of dispersion of a system. It is an established fact that 
the solubility of crystals increases with decreasing particle size. 
If we deal, as is mostly the case, with polydisperse systems, then 
the smaller particles will dissolve and cause the larger ones to 
grow proportionally. Hence such a system can never be in true 
equilibrium, which makes a physicochemical interpretation 
mathematically impossible. Besides size, it seems that the shape 
of the particles is also of importance, according to J; J. P. Valeton,^ 
so long as their size is of micro- or submicroscopic dimension. If 
substances, e.gr., protective colloids, are added to the dispersion, 
they are adsorbed on the particles and will materially retard 
dissolution or even possibly prevent it entirely and at the 
time will retard the rate of orientation, i.e., the growth of the 
larger crystals. This explains the importance of adding such 
substances when the purpose is to produce syrtexus of given parti¬ 
cle sizes that remain stable over a prolonged period of time. 

1 Physikdl, ZeU., 21, 606 (1920). 
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Coagulation 

A more common and important case is the discontinuous 
decrease of the degree of dispersion, which occurs when the single 
particles of a sol agglomerate to form secondary particles, 
coagula, and finally a coarsely disperse part. This phenomenon, 
generally known as coagulation, is presumably the best known 
colloidal one and therefore the most studied. In discussing the 
various possibilities of producing colloidal systems, it was demon¬ 
strated that this could be achieved by various energies. Does it 
not seem logical, therefore, to assume that different energies 
again can cause a destruction of colloidal systems? Bearing in 
mind that in most cases a combination or coordination of 
such possibilities needs to be considered,, we can distinguish 
the following: 

1. Coagulation by the addition of electrolytes. 

2. Mechanical coagulation- 

3. Electrical coagulation. 

4. Thermal coagulation. 

5. Coagulation by radiant energy. 

In the chapter dealing with electrokinetic phenomena, we have 
discussed the importance of electrical influence in the case of 
lyophobic sols. This is demonstrated not only by the fact that 
positively charged sols are preferentially coagulated by anions, 
whereas in the case of negatively charged particles the cations 
are mostly responsible for coagulation, but also by what is known 
as the Hardy-Sckulze valency rule. The coagulating power of 
the dominating ion increases with its valency roughly in the 
proportion of 1:100:1000, for mono-,'di-, and trivalent ions. 

The Influence of the Solvated HulL^—^Recently, the contribu¬ 
tions by A. V. Buz^h^ on the adhesiveness of microscopic parti¬ 
cles on walls (for further discussion, see page 208) have materially 
contributed to a better imderstanding of the entire phenomenon. 
It has been demonstrated that aU dectrolytes which coagulate 
negatively charged sols also increase the adhesion. Before these 

^References to sdvated hulls: E. Batschbk, KoU. ZeU., 11, 280, 284 
(1912), R. Fbickb, ibid., 85, 264 (1924). A Kuhn, ibid., 86, 274 (1924). 
W. Halubr, ibid., 56, 257 (1981). N. S. Schbinkbb, ibid., 72, 192 (1935). 

^Ibid., 47, 370 (1929); 61, 105, 230 (1930); 62, 46 (1930). KbU. BeiK 
82,114 (1930). 
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experiments, it had been frequently taken for granted that the 
stability of a hydrophobic (electrocratic) sol depends entirely on 
the electric charge of the particles, measurable by their f poten¬ 
tial. Wo. Ostwald,^ however, pointed out that coagulation by 
electrolytes finds no satisfactory explanation when considering 
only this. Several authors^ have shown that certain suspensions 
can be coagulated even if the f potential rises, v. Buzdgh 
demonstrated that the stability of disperse systems depends not 
only on the net electric charge but also on the thickness of the 
solvated hulls. If the electric charge of a lyophilic sol decreases 
without change in thickness of the solvated hull, a certain 
stability will be retained even at the isoelectric point (isostable 
disperse systems, according to Wo. Ostwald). A. March* has 
made it evident that for purely theoretical reasons the electro¬ 
static repulsion of a typical lyophobic sol alone is insufficient to 
account for its stability. In the case of lyophilic colloids, 
H. R. Kruyt^ has similarly demonstrated (see page 104) that 
dissolvation is an insufficient explanation for coagulation of such 
systems. More recently, Wo. Ostwald* has expressed the opinion 
that the coagulation of lyophobic sols is influenced by the proper¬ 
ties of the dispersion medium and not only by the properties of 
the micelles. He introduced G. V. Lewis's concept of electrolyte 
activity for the explanation of coagulation of colloidal sols. 

A colloidal sol can be considered a statistical mixed ciystal. 
The ions of the electrolyte in the dispersion medium are held 
together by interionic forces and carry the disperse colloidal 
particles in the statistical lattice. If the concentration of 
electrolyte is increased, the interionic forces also increase. The 
ions holding more strongly together will push the dispersed parti¬ 
cles closer together and finally eliminate them from the ionic 
lattice (coagulation). 

1 KoU. ZeU., 26, 28, 69 (1919); 32, 1 (1923); 40, 201 (1926). 

* See, e.g., H. R. Kbtttt and P. G. van deb Willigen, ZeU, physikal Chem., 
180, 170 (1927). P. TtroEiLA, KoU, Beih,, 27, 44 (1928). H. FBBcimLiCH 
and H. P. Zeh, ZeU, physikdL CJiem,, 114,65 (1925). 

^Kda.ZeU,, 46,97 (1928). 

^J6td.,81, 338”(1922); KoU, Beik,, 28, 1 (1928); 29, 396 (1929); ZeU, 
physikal, Chem,, 100, 250 (1932). 

^KoU, ZeU,, 78, 301 (1935); 76, 39 (1936); 80, 304; 81, 48 (1937); 86, 
34, (1938). A summary of all contributions is given in J, Phys, Chem,, 
42, 981, (1938). 
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Whereas coagulation, if looked at from a purely chemical point 
of view, is a chemical reaction between the dispersed particle and 
the coagulating agent, resulting in a highly insoluble undissociated 
compound, the colloid chemist must also consider the influence 
of the opposite {Gegen-) ion of the electrolyte. For example, in 
the case of precipitation caused by sulphate ions, it has been shown 
that the cations are also of importance and that here, too, the 
lyotropic series (see page 132) should be considered. 

Electrodecantation.— 1£ lyophilic sols are coagulated under 
certain suitable conditions, a solid coagulum is not produced as 
is the case in rapid coagulation, but two distinct liquid phases, 
one of them very rich in the amount of colloidal matter, the other 
extremely poor, are formed. Similar phenomena are undoubt¬ 
edly the cause for the so-called electrodecantation, d^cribed by 
Wo. Pauli and collaborators.^ Upon very careful electrodialysis^ 
of hydrophilic colloids, two distinct strata are present, one 
having a high concentration of the colloidal matter, the other an 
extremely low one. This method has been applied for the pur¬ 
pose of purifying or concentrating hydrophilic colloids.* 
Coacervation.—^The difference in the general aspect of this 
demixmg^ and the formation of an actual coagulum is so striking 
that H. G. Bungenberg de Jong and H. R. Kruyl;* coined the 
special term of coacervation. They are of the opinion that 
coacervation is caused by a discharge of the particles without 
complete dehydration. They picture the colloidal particle in the 
sol condition as being hydrated as well as electrically charged. 

1 Naiurw., 30, 665 (1932). See also M. Blank and E. Valk6, Biochem. 
ZeU., 196,220 (1928). M. Sambc and HabedtIi, KoU. Beih., 12,281 (1920). 
M. Adolf and W. Pauli, Biochem. Zett.^ 162,362 (1924). F. Modbbn and 
Wo. Pattli, 156, 484 (1926). A. Kxthn, ‘^WOrterbuch der Kolloid- 
chemie,” T. Steinkopff, Dresden, 1932. E. J. W. Vbbwbt and H. R. Kbutt, 
ZeU. pkydkxH. Chem., A 167, 149 (1933). Moybe, J. Biol. Chem., 121,331 
(1937). A. TiSBLnre, Biochem. J., 31, 1464 (1937^ 

* A recent discussion of electrocUalysis see, e.^., H. db Bexttn and S. A. 
Teoblstea, KoU. Zeit., 84, 192 (1938). 

» See, e.g., Wo. Pattli and P. Stambbegbe, Canadian Patent No. 370,868, 
Dec. 2^ 1937, 

* By dembdng is meant segr^tion of a mix. (The author.) 

* KoU, ZeU., 50, 39 (1930); Verhandelingen der koninklijke Akademie v. 
Wetenschappen te Amsterdam, 32, 849 (1929). See also the summarizing 
review on this subject by Bxjngbnbbeg db JoNOy KoU. ZeU., 80, 221, 360 
(1937). 
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During coacervation the particles are discharged but not fully 
dehydrated. This gives the particles the possibility of coming 
closer together, whereby a part of the solvated hulls may be lost. 
However, the remaining solvated hulls are still sufficient to 
retain the characteristics of a ‘^liquid” phase. 

Electrical Coagulation.—Similar effects can also be obtained 
by the interaction of hydrophilic colloids of opposite electric 
sign.^ Such phenomena seem to be closely related to complex 
coacervation as described by H. G. Bungenberg de Jong (see 
footnote 6, page 170). Typical coacervation also occurs in 
certain base-exchange reactions. In submitting a sodium 
bentonite sol, for example, to careful electrodialysis, thereby 
producing hydrogen bentonite, we obtain coacervation as a result 
of the fact that the electric charge as well as the degree of hydra¬ 
tion of the clay micelles is materially reduced. The hydrogen 
bentonite represents a liquid gel which is redispersible as long as 
it remains hydrated to a sufficient degree, f.e., as long as the 
particles are kept apart by thdr residual hydration.* 

In cases where no base exchange t^es place, the process of 
dial 3 r 8 is or electrodialysis, or even simple washing of filtered 
precipitates, removes the electrolyte which acts as a stabilizer. 
The result is that the f potential of the particles is constantly 
decreased. If the critical value of the ^ potential is passed, then 
coagulation occurs. (In this connection, see the discussion of the 
most recent theories on the stability of colloidal systems and the 
formation of gels, pages 213Jf.). If we are dealing with lyophobic 
colloids, a loose sediment forms; in the case of lyophilic sols, we 
obtain a gel, and only isostable colloids exhibit no readily dis¬ 
cernible change. 

In the electrophoresis of lyophobic sols, a coagulation in the 
interior of the sol can sometimes be seen, besides the discharge 
of the particles on the appropriate electrode. This is one of the 
few examples of pure electrical coagulation. 

Mechanical Coagulation.—^Frequently coagulation occurs when 
shaking or stirring a sol. This phenomenon is known as 
^'mechanical coagulation.^’ Offhand one might assume that the 
reason for this type of coagulation could be explained kinetically. 
The particles are amply driven together by the mechanical 

1 See B. A. Hausbb and C. E. Rbkd, J, Phya, Ckem,^ 41, 911 (1937). 

* £. A. HAuasB and D. S. ua Bbau, i&id., 42,1031 (1938). 
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agitation, and the probability of their collision thus increased. 
H. Freundlich and S. K. Basu,^ H. Kroch,* S. Loebmann,* and 
R. V. Recklinghausen^ express the view that mechanical coagula¬ 
tion is the result of a surface effect, since an increased concentra¬ 
tion of the disperse part alwa 3 rs exists in an interface. It seems 
natural that coagulation will occur more easily in such a con¬ 
centrated layer, especially if the f potential of the system is low. 
If a sol is mechanically agitated, the interface is constantly being 
renewed, thus causing more and more particles to coagulate. 
Such a concept can imquestionably account for various coagula¬ 
tion phenomena, particularly in cases where an oxidation or 
denaturation of colloids takes place in the interface. The 
coagulation of milk protein during buttering and the formation 
of a stable beer foam, due to surface coagulation of the proteins, 
are typical examples. However, other cases of mechanical 
coagulation are known where such surface effects fail to offer a 
satisfactory explanation and where a purely kinetic reasoning 
seems to give the best answer. For instance, we know that when 
producing dispersions of different substances in a ball mill, there 
is a maximum conuninution obtainable for every given set of 
conditions, such as volume of charge, amount and size of pebbles, 
number of revolutions per minute. If milling is carried beyond 
this maximum, a reagglomeration of the previously comminuted 
particles occurs. The same phenomenon has been observed in 
the milling of carbon black into rubber. First we obtain 
increased dispersion throughout the mass, but afterward reag¬ 
glomeration sets in.® 

Thermal Coagulatioh.—great number of sols are materially 
influenced in their stability by radical changes in temperature. 
Many lyophobic sols will coagulate when being frozen. On the 
other hand, certain lyophilic colloids coagulate upon being heated. 
In most cases, this is due to a chemical change in the micelles, 
denaturation. 

^ Zeit, physikd. Chem,, 115, 203 (1925). 

* Ibid., 124,155 (1926). 

» IbuL, 139,368 (1928); Koa. Beih., 28,391 (1929). 

* ZeU, phystkaL Chem., Abt. A, 167, 325 (1931). 

<See, 6.(7., £. A. Gbbnqttist, KavUchvJc , 6 , 230 (1930). Also £. A. 
Hausbk, ‘‘The Colloid Chemistry of the Rubber Industry,” p. 38, Qsdord 
University Press, London, 1928. 



COAGULATION AND DISSOLUTION 


173 


Coagulation by Radiant Energy.—phenomenon still awaiting 
satisfactory explanation is that stability of colloidal systems can 
be materially influenced (decreased) by radiant energy, e.g*, by 
radioactive substances, x rays, and especially ultraviolet radia¬ 
tion. More recently it has been found that short wireless waves 
can be detrimental to the stability of colloidal systems.^ In 
some cases, ultrasonic waves, which have been mentioned as 
possible means for making dispersions, have been found to 
exercise a coagulating effect.^ 

(A discussion of the rate of coagulation will be found in the 
Appendix, page 241.) 


Dissolution 

As mentioned in the introduction to this chapter, colloidal 
systems can also be destroyed by dissolution, t.e., by transforming 
the colloidal disperse system into a highly disperse system. In 
many cases (temperature-variable sols), e.gr., soaps, a mere 
increase in temperature results in complete dissolution. If a 
liquid in which the dispersed particles are soluble is added to the 
sol, the colloidal dispersion will be transformed into a truly 
molecular solution. This, for instance, is true when adding 
alcohol to a sulphur sol. If a substance that will react with the 
particles to form compoimds of molecular solubility is added to a 
sol, as in treating a silver sol with nitric acid or a gold sol with 
aqua regia, we have again, carried out a dissolution process. In 
the latter instance, naturally, the sol is first coagulated by rapidly 
changing its double layer, chemical reaction taking place as a 
secondary step. 


Innbk Changes 

Besides these drastic changes there are also in colloidal systems 
changes that do not result in complete destruction of the colloidal 
system but only in a change of the degree of dispersion in the 
limit R of the colloidal range. Generally these can be classified 
as limited cases of the ones just discussed. Among others to be 
counted under this heading are sedimentation or creaming, the 

^ See, e.g.j £. Wilke and E. Muelleb, KoU. ZeU., 65,257 (1933). 

> Becent summaries on the application of ultrasonic waves in colloid 
systems have been given by H. Fbbundlich, Tram. Inat Chem. Eng,, 
(London) 16, 223 (1937); axid K Sobllnbb, J, Pkya, Ckem,, 42,1071 (1938). 
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aging of colloidal systenas, sedimentation by centrifuging, changes 
in degree of dispersion by mechanical agitation, temperature, 
etc.^ 
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CHAPTER XIV 


THE INFLUENCE OF PARTICLE SHAPE-THE OPTICS 
OF COLLOIDAL SYSTEMS 

In previous chapters, it was explained that in the case of 
colloidal disperse systems the shape of the particles is a factor of 
extreme importance. The shape, or stereometric form, is that 
variable which governs and controls tiie specific surface and 
simultaneously the boundary energies of the system. If we 
change the particle shape of a sol, we automatically change the 
conditions in regard to adsorption. Often this will entail a 
change in the electric double layer, and this, again, will noticeably 
influence the forces and their zone of action between the dis¬ 
persed particles. We shall revert to a more detailed discusaon 
of these phenomena in chapters treating the most important 
types of aggregates and the structure of gels. However, a 
number of properties exist which are not directly controlled by 
the boundary energies and which should be discussed at this point. 
The two most important of these are the mechanical and the 
optical properties. 


MECEAmcAii Pbopbbtibs 

Under mechanical properties, we find that the frictional resist¬ 
ance between the dispersed particles and the dispersion medium 
is largely dependent on the shape of the colloidal particle. This 
can be expressed by Stokes’ law (see Appendix, page 243). From 
the mathematical equation of this law we can calculate the size 
of the particle if its rate of sedimentation or its sedimentation 
equilibrium is known. We can also calculate it from the velocity 
of the Brownian motion. Stokes’ law refers only to spherical 
and rigid particles. This bdng the case, the determination of 
particle sizes dther by sedimentation or by centrifugation will, 
when basing the calculation on Stokes’ law, pve us .only the 
dimMisions of spherical particle, or the so-called apparent 
particle size,” in cases where a deviation from the spheric^ shape 

176 



THE INFLUENCE OF PARTICLE SHAPE 


177 


seems to exist. Only for very simple cases have formulas been 
devised to permit the calculation of frictional resistance of 
nonspherical particles.^ 


ViSCOSITT 

Viscosity is also materially influenced by the shape of the 
dispersed particle. A. Einstein and E. Hatschek have devised 
an equation (see Appendix, page 243) that permits the evalua¬ 
tion of the viscosity of a disperse system under the following 
assumptions: 

1. The particles must be spherical and not deformable. 

2. The dimensions of the particles must be large in comparison 
to the molecular dimensions of the dispersion medium. 

3. The particles must be small in comparison to the measuring 
instrument, e.gr., diameter of the capillary of the viscosimeter or 
the dimensions of a falling ball. 

4. The movement of the dispersion medium in the direct 
vicinity of a particle may not be influenced by the presence of 
other particles. 

If these factors are fulfilled, then the Einstein-Hatschek equar 
tion calls for a proportionality between viscosity and concentra¬ 
tion. Generally, it is assumed that in highly disperse systems, 
this equation is fulfilled, even within a fairly wdde range of 
concentrations. But in the case of typical colloidal dispersions, 
fulfillment is rare and seems to be limited to extreme dilutions 
and systems whose lyophilic properties are not too pronoimced. 
For example, H. Fikentscher and H. Mark* report such correla¬ 
tion in very dilute nitrocellulose sols. At higher concentrations, 
increasing divergence occurs. Similar results have been reported 
with inorganic colloids, such as colloidal clays. Although many 
attempts have been made to interpret mathematically the rapid 
increase of viscosities at higher concentrations, no really satis¬ 
factory answer has been found. This is not so astonishing 
considering the numerous factors that may be involved, viz.j 
solvation, electric charge, aggregation of particles, shape of 
molecules, etc. 

^See, R. Gans and J. Obbbbbck, J*. Maih,, 81, 62 (1876); Sitzber, 
Akad, WisB. Muenchen^ p. 191 (1911). 

* Roll ZeU., 49, 135 (1929); 63, 32 (1930). 
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Most lyophilic sols and those which can be considered as 
exhibiting lyophobic as well as lyophilic properties ordinarily 
exhibit a pronounced difference from normal liquids as to their 
\dscosity. In normal liquids the volume of liquid flowing through 
a capillary is proportional to the pressure applied. The dis¬ 
crepancy in the viscous flow of colloidal dispersions becomes more 
pronounced as the degree of solvation increases and as the shape 
of the particles becomes more and more anisometric. Wo. Ost- 
wald^ considers these discrepancies to be caused by structural 
changes and therefore calls the phenomenon structural viscosity. 
H. Freundlich and E. Schalek^ have connected these anomalies 
with the elasticity of flow^^ of the sols. M. v. SmoluchowsM^ 
added another factor to the Einstein equation for the purpose of 
accounting for the influence of the electric charge of the particle. 
The electric double layer surrounding the particles exerts a 
resistance to the flow of the dispersion medium, thereby increas¬ 
ing the viscosity. This phenomenon is known as the electro- 
viscous effect, which is the more pronounced the smaller the 
particles and their conductivity and the larger their potential. 

The extreme high viscosity of certain suspensions and lyophilic 
colloids has frequently been explained by the assumption that 
some of the dispersion medium is held and immobilized on the 
surface of the particles by adsorption forces. However, the 
solvation theory is confronted with several facts that are inexplic¬ 
able. It has been found that in the case of suspensions the 
viscosity increases the poorer the wetting between particles and 
dispersion medium. With lyophilic colloids it has been foxrnd 
that the viscosity increases with increasing particle size. This 
stands in direct contradiction to what should be assumed in 
accordance with the theory of solvation, since solvation should 
show an over-all increase with decreasing particle size. 
explanation that has been offered is the aggregation of particles.* 
In the case of suspensions, the particles tend to aggregate more 
easily the less th^ affinity is for the dispersion medium and the 
less solvated they are. Such aggregates are frequently very 
volmninous and loosely cormected, resulting in a material 

' Zeit. ■pKytihdL Chem., Ill, 62 (1924). 

*iWa., 108,163 (1924). 

< KoO. Zea., 18,190 (1916). 

* G. BBOtroKroN and C. S. WnmiiBAiiK, Ind. Eng. Chem., SO, 407 (1938). 
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increase in the apparent volume of the disperse part. This 
theory furthermore assumes that the particles at rest will arrange 
themselves into a loose, voluminous, but coherent structure, and, 
resisting small tangential pressure, the system would show a 
3 rield point. With increased pressure or other mechanical agita¬ 
tion (depending on the type of instrument used for determination 
of viscosity), the structure would break down, the aggregates 
redisperse, and the viscosity finally reach a stationary value. 

Likewise, in the case of lyophilic colloids, has aggregation been 
frequently considered as a possible cause for the abnormally 
high viscosities found. In this instance, however, one had to 
admit that high viscosities are also encountered where aggrega¬ 
tion is out of the question. More recently, H. Staudinger^ 
considered the chainlike structure of the molecules to be respon¬ 
sible for the high viscosity of most lyophilic colloids. He 
assumes that such threadlike molecules, which take up consider¬ 
able space, will immobilize the dispersion medium by their 
interlacing structure and thus increase viscosity. R. Eisenschitz^ 
came to similar conclusions from a purely theoretical angle in 
evaluating the viscosity of dispersions containing elongated 
particles. (For the mathematical evaluation, see Appendix, 
p. 244.) Staudinger’s concept has recently been seriously 
criticized. According to his assumption, the threadlike molecules 
should be considered as rigid rods which in the case of a sol are 
freely movable aroimd their center. This infers that their space 
in the sol must correspond to a sphere whose diameter equals the 
length of the particle. It seems more than questionable that 
such long rod-shaped particles can exist in rigid form in solution. 
Hence, the more recent assumption of the molecules being bent 
or skeined is quite plausible. 

None of the known hypotheses pertaining to the viscosity of 
high-molecular compounds differentiates sufficiently between 
swelling of fiber bundles and xiltimate rupture of cross linkages 
(increase in number of long individual fibers), and therefore 
increase in viscosity,^ or rupture of fiber length (depolymeriza¬ 
tion), and reduction in viscosity. The concentration of the sols 

^KoU,Zeit., 51, 71 (1930). 

physical. Chm.., A 163, 133 (1933.) 

* See P. Kobts and H. R. Krutt, KoU, Zeit., 82,315 (1938). 
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naturally remains unchanged, as it is independent of the fiber 
length or degree of aggregation. 

There are numerous and even more recent contributions to 
this highly important problem, such as those by H. L. Bred^e and 
L. A. van Bergen,^ H. Fickentscher and H. Mark,^ R. Houwink 
and K. H. Klaassens,^ W. Haller,^ E. Guth and R. Simha,® 
F. Eirich® and H. Mark, F. Eirich, M. Bunzl, andH. Margaretha,^ 
H. L. Bred6e and J. de Booys,® R. Houwink,® W. Kuhn,^® M. L. 
Huggins^^ and others, ^one as yet fully satisfactory. For such a 
general evaluation it would seem necessary that a correlation be 
established among solvation, particle attraction and repulsion, 
and the exact influence of the particle shape. The assumption 
that the formation of aggregates or chainlike arrangement of 
micelles is the main factor causing viscosity increases has become 
extremely doubtful on the basis of very accurate viscosity 
determinations coupled with determinations of changes in specific 
gravity, optical density, and ultramicroscopic observations on 
colloidal clay sols by E. A. Hauser and D. S. le Beau.^® These 
experiments show that marked changes in viscosity and even 
pronounced yield values are found in systems where no sign of 
agglomeration or alignment can be detected. However, systems 
exhibiting a measurable yield, point are characterized by a very 
noticeable change in the Brownian motion of the particles. In 
most cases, the latter has been reduced to an oscillatory motion; 
in extreme cases approaching gelation, it has come to a perfect 
standstill. It would seem that increase in viscosity in such 

»CAem. Whl, 30, 223 (1933). 

• KoU. ZeiU, 49,135 (1929); 63, 32 (1930). 

138 (1937). 

^lUd„ 66,265 (1931). 

» Ihid., 74,147, 266 (1936); 76,15 (1936). 

• Erg. exdkt. Natw-wiss., 16,1 (1936); KoU. Zeit., 81, 7 (1937). 

»JSToK. ZeU.y 74, 276 (1936). 

8/Wd., 79, 31, 43 (1937). 

• Oesterr. Ckem. Ztg., No. 21 (1937). 

^^Zeii. physikal. Chem., A 161, 1, 427 (1932); KoU. ZeU.y 62, 269 (1933); 
68,2 (1934); 76,258 (1936). 

«J. Phye. Chm.y 42, 911 (1938). 

^See E. Hjltschbks original contributions, KoU. ZeU.y 7, 301 (1910); 
8, 34 (1911); 12, 238 (1913); 40, 53 (1926). Wo. Ostwald, ibidy 48, 190 
(1927). 

w J . Phys . Chem.y 42,1031 (1938). 
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systems finds its simplest explanation in the interaction of 
repulsive and attractive forces acting between the particles. 
Such a concept would be free of any necessary assumption as to 
aggregation or alignment and furthermore would not necessitate 
assuming the immobilization of an excessive amount of dispersion 
medium on the surface of the particles, although it has been 
ascertained that considerable amounts of dispersion medium are 
compressed on to the surface of the particles. That such 
anomalous viscosities are most frequently found in systems 
containing anisometric particles of rod or plate shape, for 
instance, is logical only on the basis of what has been previously 
discussed regarding their reactivity.^ 

Ropinbss 

A phenomenon also frequently but, contrary to previous 
assumptions, not generally found in colloidal systems exhibiting 
anomalous viscosities is the so-called ^^stream-double refraction,'' 
or ropiness" (see page 188). When rotating a bottle con¬ 
taining, for example, a soap solution or a vanadium pentoxide 
sol or the coarser fractions of colloidal clay suspensions, we 
can see the appearance of silvery streaks parallel to the hori¬ 
zontal plane of motion! This phenomenon is caused by a 
parallel orientation of anisometric particles to each other. 
Its appearance seems to depend on the presence of particles or 
chainlike aggregates of not less than about 100 m/i in length. 

. Plasticity 

Plasticity in mechanically stable bodies, which to some extent 
can be considered closely related to the property of viscosity of 
liquids, will be discussed in the chapter dealing with gels (see 
pages 213#.). 

Today there are various methods at our disposal for determin¬ 
ing viscosity. The choice of the right type of instruments, i.c., 
capillary viscosimeter with or without the application of pres¬ 
sure, rotation viscosimeters, and viscosity determinations by the 
falling-ball method, will depend to a large extent on the nature 
and properties of the system under investigation. So long as 
one deals with dilute systems with no structural viscosity, the 
capillary viscosimeters, and especially F. Hoeppler's refined 

^ £. A. Haxtsob and D. S. us Beau, KcU, ZeU, (in press). 
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construction of the falling-ball type/ are very satisfactory. 
Where systems exhibiting distinct structural viscosity are to be 
studied, the use of a rotation viscosimeter seems to be more 
applicable. 

For more detailed discussion of different methods and their 
theoretical background, a series of specialized textbooks are 
available.* 


The Optics op Colloids 

Optics unquestionably plays a more important role in the 
study and evaluation of colloidal systems and colloidal phe¬ 
nomena than is played by any other 
branch of science. Optics, if properly 
applied, can thus be considered as the 
outstanding tool in colloidal research, and 
it is a deplorable fact that more emphasis 
has not been placed on this branch of 
science in the general routine of colloid 
chemical research and education. 

Pig. 77.—Light-field Dark-field Ulumination.—^The intro- 

condenser for transmitted ductory chapter pointed out that the final 
preparation^ ^ answer to the question whether colloidal 

solutions should be classified as hetero¬ 
geneous or homogeneous systems is to be found in the application 
of optics (Faraday-Tyndall phenomenon; Zsigmondy-Siedentopf 
slit ultramicroscope). Since then, the so-called dark-field iUumi- 
naUoriy or uUramicroscopy^ has been further developed and applied 
to the normal type of microscope construction. Instead of using 
what is known as a light-field condenser in the substage of the 
microscope to concentrate the light to be transmitted through the 



1 Zeft. teckn. Phya., 14,165 (1933); Chem, Ztg,, 67,62 (1933). 

*See, e.g.y E. BLitschbk, ^^The Viscosity of Liquids," D. Van Nostrand 
Company, Inc., New York, 1928. E. C. Bingham, “Fluidity and Plasticity,” 
McGraw-Hill Book Company, Inc., New York, 1922. G. Baer, “A Mono¬ 
graph of Wscosimetry,” Oxford University Press, London, 1931; R. Hou- 
wiNK, “Physikalische Eigenschaften und Feinbau von Natur-u. Kunst- 
harzen,” Akad. Verlags-Ges., Leipzig, 1934; Verhand. d. K<m, Nederl Akad. 
Wetenach. Afd. NcUuvrk. (1 Sectie) D 1., 16, 4, pp. 185-240 (1938); 
“Elasticity, Plasticity, and Structure of Matter,” Cambridge University 
Press, England, 1937. W. HAnLEs, in A. Kuhn, “Kolloidchemisches 
Taschenbuch,” Akad. Verlags-Ges., p. 271, Leipzig, 1935. 
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preparation (Fig. 77), so-called dark-field condensers were built. 
In these, the light is capable of entering the condenser only 
through a circular opening in the bottom lens; the center is 
silver-plated, thereby forming a mirror from which light is 
reflected backward and prevented from 
entering the lens system (Fig. 78). As 
the result of a further arrangement of 
the lens combinations in the condenser, 
no light can actually be transmitted 
through the preparation but can only 
impinge in an over-all circular fashion. 

This results in the development of 
reflection disks wherever these circular denser. A, silver-plated re¬ 
arranged beams of light strike a slide; p, 

colloidal particle. It must be empha¬ 
sized again that the ultramicroscope does not reveal the indi¬ 
vidual colloidal particle or its actual configuration or shape but 
solely its presence, due to the development of a reflection disk. 

The Slit Ultramicroscope.^—Let us now consider a colloidal 
dispersion containing only spherical particles, which we have 
placed in a slit ultramdcroscope. We should obtain reflection 
disks of unchanged intensity wherever an individual particle 
moves in the field of vision and at whatever speed it rotates 
around any of its i)Ossible axes, as long as the particle remains in 
one horizontal plane, i.e., the focu^g distance of the optical 
system used. The reason for this is evident, since with a station¬ 
ary source of parallel light beams the angle of reflection from the 
surface of a spherical particle must remain unchanged as long 
as these conditions set forth above are fulfilled. Truly spherical 
disperse parts are very rarely found in nature, the only real 
exception being colloidal emulsions, the emulsified liquid being 
present in droplets of colloidal dimensions. In most natural 
colloidal systems, the disperse part consists of nonspherical 
particles, such as rods, threads, plates, or disks. 

If such a system is placed in the slit ultramicroscope, the 
picture that we see is different from the one discussed before. 
As an example, we may assume the presence of rod-shaped 
particles or plates whose width and thickness are of amicronic 
dimensions (smaller than half the wave length of the light 
1H. SEBtoBNTOPF, KoU, Zeit., If 173, 271 (190S-1907). 
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applied), their length being of definitely ultramicroscopic or 
mediiun colloidal dimensions. If we now make our observation 
at the moment when particle a (Fig. 79A) happens to lie with 
its long dimension parallel to the illuminating light beam and the 
particle 6 at an angle of approximately 45 deg. to the light beam, 
the observing eye will in that instant register the presence of 
particle h only. Because of the Brownian molecular motion, the 
particles of a sol are kept in constant translatory and rotary 
motion so that in the next instant the two particles may lie in 

regard to the direction of the incoming 
UGHT BEAMS light beams as shown in Fig. 79B. 

-Therefore, particle a will disclose its 

- * presence by the development of a reflec- 

. tion disk, whereas particle b will appar- 

LIGHT BEAMS * REFLECTION ently have vanished. Needless to say, 
ueni imwwa ^ ^ Conceivable intermediate conditions 

R are possible, so that a preparation con- 
■■B 7 taining nonspherical or anisometric 

Fio. 79.— Ejection of ajM- paxticles in suspension will show a 
** constant change in the intensity of the 
light reflected by one and the same 
particle. The sum of all the changes occurring during the period 
of observation gives the impression of a constant twinkling or 
flickering of light. The more the dispersed particles of the sol 
under investigation deviate from spherical shape, i.e., the more 
anisometric or anisotropic they are, the more pronounced is this 
twinkling phenomenon. This phenomenon is considered as the 
most refined method of determining deviations from the spheri¬ 
cal shape on the border of molecular dimensions. 

The Dark-field Condenser.^—Since, in the case of a dark- 
field condenser, light of uniform intensity impinges from every 
side (circular) on every solid particle of the preparation, all 
particles must reflect light with unchanged intensity, whatever 
their shape and orientation may be at any time during observa¬ 
tion. Therefore, a dark-field condenser (if properly centered) 
is incapable of demonstrating the twinkling phenomenon and is 
thus unsuitable for this qualitative but none the less extremely 
sensitive method of determining the presence of isometric or 
anisometric particles of truly colloidal dimensions. 

1H. SiBDBNTOPF, K6U. ZeU., Erg, Bd., 36,1 (1925); 87,327 (1925). 
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Pig. 79.—^Reflection of ani¬ 
sometric particles (parallel 
one-sided iUumination). 
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We know many cases in which anisometric colloidal micelles 
tend to align or orient themselves as soon as the Brownian motion 
is stopped for one reason or another, i.e., when the originally 
liquid system (sol) solidifies to a more rigid state or 

xerogel; coagels are generally disoriented, since aggregation is too 
rapid to permit preferential orientation). Such oriented align¬ 
ment has been observed in soap jellies, in vanadium pentoxide 
gels,^ etc. In soaps, the individual micelles tend to line up in the 
form of threads,* and several of these threads then line up 
parallel to each other to form bundles. If we again imagine 
such a bimdle to lie with its long axes parallel to the entering 
beam of light in a slit ultramicroscope, the best we shall be able 
to observe is a blur of light caused by reflections from the over-all 
thickness of the bundle, but quite possibly the field of vision will 
be optically void. Since bim- 
dles in such a system are rarely 
oriented in the same direction 
(Fig. 80), the observer will reg¬ 
ister only those that permit 
satisfactory reflection. In the 
case of a properly centered 
dark-field condenser, 
bundle will reflect the light with 
uniform intensity. Although in this case none of the disperse 
part will escape detection, it is evident that this method cannot 
reveal the existence of any localized preferential orientation. 

The Azimuth Error.—^The twinkling phenomenon which was 
first pointed out by H. Siedentopf* can, as previously mentioned, 
be considered as the most sensitive reaction at the limits of the 
a^cronic range. If we are investigating a sol containing ani¬ 
sometric particles in the slit ultramicroscope, the twinkling 
phenomenon will be very pronoimced, as previously mentioned, 
because in such an instrument the light can enter the preparation 
in only one direction, or from one azimuth. (Azimuth refers 
to the angle formed between the illuminating beam of light and 
a plane drawn through the optical axes of the microscope.) 



80.—Limitations of the slit 
every partial refleo- 

^ tion; 2, total reflection; 4, no reflection. 


1H. Fbbtojdlich, CoU. Symp, Monogr,, 2, 46 (1925). 

*R. Zsigmondy and W. Bachmantn, K<M, Zeit., 11, 146 (1912); 28, 86 
(1918). W. Sbifeitz, CoH. Symp. Monogr., 8, 286 (1926). 

* Zeit. tpiss. Mihros., 29, 1 (1912). 
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Contrary to such one-sided illumination, the so-called dark-fidd 
condensers permit illumination of particles froin ^ possible 
a 2 dmuths. If we now use a dark-field cond^er without haying 
carefully checked the centering of the illumination, the particles 
will receive more light from one direction than from the other, 
causing a very disagreeable and disturbing distortion of the 
reflection disks. Siedentopf has termed this effect azimuth error. 

The Azimuth Stop.—A. Szegvarii has made controUed use of 
this effect in the construction of his azimuth stop, which consists 



b. 

Fig. 81.—The aaimuth stop. 


of a slit stop so designed that the size of the slits, forming seg¬ 
ments of a circle, can be changed at wiU. Owing to the construc¬ 
tion of the instrument, the slits are located at 180 deg. from 
each other (Fig. 81o). The stop is mounted beneath the con¬ 
denser in a ma.Tinftr to permit the parallel beams of light to pass 
through the available openings of the slit before they can enter 
the condenser (Kg. 81b). If the stop has been carefully centered, 
and the slits have been formed by closing the stop, we can pro¬ 
duce a type of illumination in a dark-field condenser that closely 
resembles that of a slit ultramicroscope, because the light can 
now enter the preparation only by two azimuths located at 180 
deg. from each other. ^ ■ 

It is lopcal that the twinkling phenomenon of a given sol will 
become the more pronounced the more the stop is closed, since 
the of the s^mentary slits reduces the possible a^uths 

of illumination. This, m turn, will increase the probability of 
moving out or appearing in the preferred direction of 
reflection. Furthermore, the atimuth stop is so constructed 
iPhysikal. ZeU., 24, 91 (1923); Zeit. Phys., 21,848 (1924); Zeit. physikal. 
Chem., 112, 277, 296 (1924). 
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that it may be rotated imder the condenser, permitting change in 
direction from which the light impinges on the preparation. 
This makes it possible to study preferential orientations in 
colloidal systems, as they have been found in soaps, vanadium 
pentoxide gels, etc., with great accuracy and ease. The instru¬ 
ment has also been applied advantageously in studying structural 
alignments in films imder tension.^ The construction of the 
azimuth stop applies the azimuth error as the basis of an ingenious 
optical experiment and has, in a way, transformed this rather 
discouraging phenomenon into the so-called azimvih effect, which 
must be considered as one of the most accurate methods of 
ultranaicroscopic structural analysis of colloidal systems. 

Intensity of Faraday-Tyndall Cone.—^Another optical phe¬ 
nomenon primarily dependent on the shape of the dispersed 
particles of a sol is the intensity of the light reflection of a 
Faraday-Tyndall cone. In the case of isodimensional particles, 
the intensity of this reflected light remains imchanged and 
independent of the condition of the sol, i,e,, if it is at rest or in 
movement. However, in dealing with anisometric particles, one 
will observe a pronounced change between stationary and flowing 
condition.® The reason for this phenomenon is that anisodimen- 
sional particles will orient longitudinally in the direction of flow. 
This phenomenon can, as previously pointed out, be macro- 
scopically observed by the appearance of a silky streakiness 
parallel to the direction of movement (see page 181). 

Polarization of Faraday-Tyndall Light.—^An optical effect 
associated with particle shape is the type of polarization of the 
Faraday-Tyndall cone. That the Tyndall light is polarized is 
an established fact. If we are dealing with a sol containing 
spherical particles, we obtain a pure polarized light, because the 
direction of the vibrations of the polarized Faraday-Tyndall 
cone is perpendicular to a plane drawn through the direction of 
illumination and observation. With particles of increasing 
p.Tiia n dTTneTiCT n Tifl.1 shapes, the light becomes more and more 
depolarized. A quantitative determination of the d^ree of 

1 See, e.flr., B. A Ha-ubub, KoU, ZeU., 53, 78, (1930). 

‘See, €.g., H. Dibssblhobst, H. Fbiditndlich, and A. Lbonhajbdt, 
“El8ter-<jteitel-Festschrift,” p. 453, 1915. H. Febxindlich, Zeii, Elektaro- 
diem,, 22, 27 (1916). H. Dibssblhobst and H. Fbbxjndlich, Phymkdl, 
ZeU,, 17, 117 (1916). F. G. Donnan and K. Kbishnamtjbti, CoH Symp. 
Monogr., 7, 1 (1930). 
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depolarization permits an approximate measurement of particle 
size and shape as well as of changes that a colloidal particle 
undergoes.^ 


Stbbam-doxtblb Eefbaction 

StreaTn-dovble refraction is another phenomenon for which 
anisometric shapes of disperse particles are mainly responsible. 
If we observe a sol containing crystalline particles of rod or 
plate shape, we shall obtain no double refraction between crossed 
Nicol prisms, even if the individual crystals are of the double- 
refracting type. The cause for this is the constant Brownian 
motion of the particles dispersed in the sol, which prevents them 
from taking on an oriented position. If such a liquid is caused 
to flow or rotate, the sol will then exhibit double refraction. ^ 
0. Wiener^ has demonstrated that the dispersed particles them¬ 
selves need not be double refracting to exhibit stream-double 
refraction so long as the particles are anisometric and oriented 
with their longitudinal axes parallel to each other and so long 
as their thickness and distance from each other are commensur¬ 
able with the wave length of the light applied. 

J. Bjdmstahl,^ J. B5hm* and S. Berkmann, and H. Zocher® 
have demonstrated that mercury-sulphosalicylate and even gold 
sols are mostly double refractive, which seems to prove that they 
contain at least a certain amount of definitely anisometric 
particles. Recently E. A. Hauser,^ and D. S. le Beau in study¬ 
ing the double refraction of monodisperse fractions of bentonite 
sols, have been able to prove that the stream-double refraction 
decreases with decreasing particle size^of the fractions; in 
systems containing particles of an average apparent spherical 
diameter of 15 m/4, the effect becomes practicaUy negligible. 

1 See, R. Gans, Ann, Phyz., 65,97 (1921). B. Lange, Zeit. phyeihdL 
Chem,y 132, 1 (1928). Especially H. Zochbb, KoU, ZeU,, 37, 336 (1926). 
H. Febxjndlich, *‘Kapillarcheinie,” voL 2, pp. 5-57, Akad. Verla^Ges., 
Leipzig, 1932. K Hob*fman and H. A. Wannow, KoU, Zeit., 83,268 (1938). 

^ See, e.g,f £L Zochbb, Zeit. phyeikoL, Chem,, 98, 293 (1921). 

* Ambronn-Eestschiift (Koll, Beth.), 23,189 (1926). 

* ‘‘Die Akzidentelle Doppelbreohung in KoUoiden,'' Dissertation, Upsala, 
1924. 

Zeit., 42, 276 (1927). 

^ ZeU. physihal. Chem., 124, 83 (1926); KoU. ZeU., 42, 309 (1927). 

W. Phye. Chem., 42, 1031 (1938); see also W. Hbllbb, Compt. rend., 205, 
971, (1937). 
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X-RAY Diffraction Patterns 

Another method that offers certain indications as to the shape 
of the individual particles of colloidal aggregates is the x-ray 
diagram. The assumption here to be made is that the individual 
particles are of crystalline natme; e,g., J. B5hm^ ascertained that 
certain lines in the x-ray spectrum will be either sharp or diffuse, 
depending on the shape of the particle. (For a discussion of 
other optical methods used in colloid chemical research and for a 
brief explanation of the fimdamentals of x-ray diffraction 
methods, see Appendix, pages 

1 Zeit, KriaL, 68, 567 (1928). 

‘An excellent summary of the optics of disperse S 3 rstems is given in 
H. Zochbr, '‘Optik disperser Systeme,” in A. Kxjhn, “Kolloidchemisches 
Taschenbuch,” Akad. Verlags-Ges., Leipzig, 1935, pp. 84#. In the same 
book, pp. 18^., G. V. Susich offers a valuable summary on interferences 
caused by x rays. 



CHAPTER XV 

AGGREGATES BOUNDED BY PRIMARY FORCES 

Definition.—^Although it has been demonstrated in previous 
chapters that colloidal systems can be obtained either by dis¬ 
integrating coarse matter or by condensing highly disperse 
systems, it is evident that in a final analysis all matter inde¬ 
pendent of its degree of dispersion must have originally been 
built up by an aggregation of the ultimate building units of 
matter. The modem concept of the stmcture of an atom, as 
visualized by men like N. Bohr, E. Rutherford, A. Sommerfeld, 
P. Debye, and others, has entirely changed the old classical 
atomistic viewpoint. With the concept of the existence of 
protons and electrons and the great variability of their possible 
configuration, the formation of isotopes, for example, fibads a 
simple explanation, impossible on the basis of the classical theory 
of atoms. 

It is of primary importance to find a definition for the term 
“ aggregate ” as it will be henceforth used. It is a structure made 
up of building units, complete in themselves and dynamically 
interlinked. Certain forces act between these units so that the 
whole structure coheres and can, if viewed from outside, be 
considered as a unity. 

In discussing the importance of the colloidal state of matter, it 
was pointed out that the colloidal particle is understood to be 
made up out of still higher dispersed aggregates but that it 
plays its own part as a new building unit in further organized 
constructions. Therefore, we can distinguish between aggregates 
of different degrees of dispersion. Yet the binding forces holding 
the individual elements of the aggregates together are equally 
important. One is used to differentiating between primary and 
secondary aggregates, depending on the prevailing combining 
force. V. Buz&gh^ devotes considerable space to this entire 
topic and compares this classification to the classical con¬ 
cept of chemical and physical binding forces. The chemical 
i ‘‘Colloid Systems,” pp. 88Jf., The Technical Press, Ltd., London, 1937. 
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concept of valencies explains the combination between atoms 
in a chemical compound. In the classical theory, these forces 
can be saturated, whereas physical forces, such as van der Waals' 
cohesion forces, cannot be saturated. However, further develop¬ 
ments in the field of theoretical physics have made it somewhat 
doubtful if such differentiations can still be maintained. In this 
connection, W. KossePs^ theory, according to which chemical 
bonds can also be considered as electrostatic phenomena between 
opposite charges, deserves special attention. 

Primary Aggregates 

In agreement with the basic law of the least free energy, 
atomic aggregations always tend toward maximum stability. 
If such is achieved by a rearrangement of electrons, primary 
bonding forces must be taken into account, and the resulting 
corpuscle represents a primary aggregate. The possibility of 
other types of forces acting simultaneously and the general 
complexity of the problem make a clear differentiation as yet 
impossible. 

Under primary aggregates are understood to be such systems 
as in accordance with the definition given above are the result 
of a rearrangement of electrons or are due to primary bonding 
forces. Starting with an atom, we can visualize ions, molecules, 
and the atomic and ionic crystal lattices to represent such cases. 
Although a detailed discussion of these examples of typical pri¬ 
mary aggregates is not only fascinating and of increasing impor¬ 
tance for our modem concepts of the structure of matter in 
general, it lies, nevertheless, too far outside the actual scope of 
this introductory treatise.* The discussion therefore will be 

1 Ann. Phys., 49,229 (1926); J. Am. Chem. Soc., 88, 762 (1916). 

* For detailed discussions of primary aggr^tes and primary bonding forces, 
see, e.g., W. Kossbl, ValenzkrSfte imd RSntgenspektren,” Julius Springer, 
Berlin, 1921. G. N. Lbwis, Valence and the Structure of Atoms and Mole¬ 
cules,” Eeinhold Publishing Corporation, New York, 1923, German ed., ‘'Die 
Valena und der Bau der Atome und Molekule,” F. R. Vieweg, Braunsch¬ 
weig, 1927. C. A Kxobb, Zeit. anorg. Chem., 129, 110 (19^). N. R. 
Camfbbll, Nature, 111, 569 (1923). A Sommbbfbld, “Atombau und 
Spektrallmien,” F. E. Vieweg, Braunschweig, 1923. A. Haas, “Materie- 
wellen. und Quantenmechanik,” Akad. Verlags-Ges., Leipzig, 1929. K. 
Fatans, Science 62, 107 (1930). A. E. van Arkbl and J. H. db Bobb, 
“Chemische Bindimg als Eleklrostatische Eischeinung,” S. Bhrzel, Leipzig, 
1931. For further literature references see, e.g., v. BttzXge, op. eii. 
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kept in a very general manner with the sole purpose of pointing 
out those deductions which are of specific significance in regard 
to modem concepts of colloidal phenomena. 

According to our present knowledge, the formation of an ion 
is due to the removal or addition of so-called valency electrons 
from atoms. This results in the loss of the atoms' electrical 
neutrality and gives rise to a definite electrical charge. If the 
centers of the positive and the negative charge fall into the center 
of the ion, we speak of an ^4deal case." Oppositely charged ions 
can be compared with electrically charged rigid spheres which 
attract each other in accordance with Coulomb's law. These 
attraction forces are evident only at comparatively large dis¬ 
tances, since at short distances repulsion will be predominant. 
This is completely in accord with the results of wave mechanics, 
according to which the density of atomic or ionic electron clouds 
decreases at first rapidly and then less rapidly as we move to the 
outside. If two ions come close together, the electron clouds 
interpenetrate each other, setting up elastic repulsion forces. 

Formation of Molecules.—^From our present concept, mole¬ 
cules are formed from atoms, by either ionic or atonaic linkage. 
The assumption that ions forming a molecule are held together 
by electrostatic attraction forces explains the formation of such 
substances as are composed of oppositely charged radicals, 
e.g,y sodium chloride, magn^um oxide, almost all sulphides. 
In such molecules, it is assumed that all the outer electrons are 
displaced nearer to one of the atomic residues present. Such 
compounds will exhibit a large dipole moment and are known as 
polar or heteropolar substances. However, it seems Impossible 
to explain the formation of molecules of hydrogen, chloride, and 
many organic compounds on the same basis, since we are dealing 
here with a combination of atoms of the same type. G. N. Lewis^ 
and C. A. Enorr^ postulate an atomic linkage for such com¬ 
pounds. It IB supposed that the atomic linkage is the result 
of the fact that a certain number of outer electrons belong 
simultaneously to several atomic residues. . In such a case, 
several centers of attraction will exist for the outer electrons, and 
this, in turn, must result in . an extreme difformation of the 
electron hull. If the distribution of outer electrons in regard to 
atomic residue is a uniform one, it is then a question of an apolar 

1 See footnote 1, p. 193. 

* See footnote 1, p. 193. 
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or a homopolar compound, which exhibits no dipole moment. 
But if the mean center of gravity of the outer electrons does not 
coincide with the electrical center of gravity of the atomic 
residues, then the molecule must behave like an electric dipole. 
Such polar compoimds as water, for instance, take up an inter¬ 
mediate position between ionic and apolar atomic linka ge, as 
demonstrated schematically by K. Fayans^ (see Fig. 82). This 
concept of linkages and induction of dipoles by distortion of the 
electron shells is becoming increasingly important in the inter¬ 
pretation of a variety of colloidal phenomena, such as gelation 
and stability of colloidal dispersions. 

Molecular Models.—^Another recent development that has 
proved to be very valuable in the study and interpretation of 


INCREASING 

POLARITY 



DEFORMATION 

Fio. 82.—Continuous chwge from ionic to atomic linkage, a, ideal ionic linkage; 
ideal atomic linkage (nonpolar). 

various colloidal phenomena is the study of the form or shape of 
molecules, finally resulting in the construction of so-called 
molecular models. We know today that we must distinguish 
between isodimensional and anisodimermonal molecules. The 
latter can be further subdivided into laminar and fibrillar ones. 
We have learned that fiber-type molecules can exist in different 
forms and that long-chain molecules can exist in a kinked or 
spiral form. One of the outstanding deductions based on a 
specific form of certain organic molecules and at the same time 
an ingenious proof for the correctness of such assiunptions are 
the experiments in regard to molecular orientation of fatty add 
films on the surface of water, as carried out by men like W. D. 
Harkins,^ I. Langmuir,* N. K. Adam,^ J. J. Trillat.* The 

^ See footnote 1, p. 192. See also Btdnwi J. Fbxnch, J. Chem, Educ., 
March, 1936, p. 122. 

Am. Chfm. Soc., 89,864, 541 (1917). 

89, 1848 (1917). 

*Proc. Roy. Soc., A 99, 336 (1921); 101, 462, 616 (1922); 108, 676 687 
(1923). J. Phys. Ckem., 29, 87 (1926). S€» also *‘The Physics and Chem¬ 
istry of Surfaces,” 2d ed., Oxford, Clarendon Plress, New York, 1938; KoU. 
ZeU., 61, 168 (1932). 

« C. r. Soc. Biol, 180, 1329 (1925). 



194 


COLLOIDAL PHENOMENA 


experiments proved beyond doubt that the actual shape of a 
fatty acid molecule stands in excellent agreement with the 
generally assumed hydrocarbon-chain structure. By measuring 
the surface area taken up by them in such compressed surface 
films, Langmuir was able to calculate the cross section of the 
head. Since these measurements remained unchanged in a 
homologous series, it was proved that the carbon chain must be 
directed in approximately vertical position out of the surface 
(see Fig. 53 and page 139). 

EucoUoids.—^As previously mentioned, the lower dimensional 
limit for the colloidal range has been arbitrarily fixed at one- 
millionth of a millimeter. This has been foxmd to be about 
the maximum dimension of a typical simple molecule. However, 
we know that a large number of substances of colloidal degree of 
dispersion which exist are the result of primary valency linkage 
between a large number of atonas. Typical examples of such 
compounds are proteins, rubber, cellulose, and a great number of 
synthetic organic compounds like polyst 3 rrene, chloroprene, and 
polyethylene tetrasulphide (^^thiokoPO- These substances or 
macromolecular compounds have been termed by Wo. Ostwald^ 
eucoUoids, whereas H. Staudinger^ has named them molecular 
colloids. He considers as eucolloids only such compounds as 
have an excessively high molecular weight and has used the term 
hemicoUoids for those under a molecular weight of 10,000. 

Macromolecular Compounds*—^In the opinion of the author, 
the latter differentiation is questionable in value, since no 
definite limits can be drawn between these groups. Besides this, 
the term “molecule^^ loses all its significance when given such a 
wide interpretation. 

It is important to point out that such macromolecules need 
not attain colloidal dimensions in all three directions of space 
and actually very seldom do. According to the definition of the 
colloidal state of matter, it is sufficient if the colloidal dimensions 
exist in just one direction. Since most of the high-molecular 
compounds are of oi^anic nature and can be obtained by poly- 

BeUi., 82, 1 (1931). 

^KdU. Zeit.f 53, 19 (1930).. See also **Die hochmolekularen organischen 
Verbindungen,” Julius Springer, Berlin, 1932. Kxtbt H. Mbtbr and H. 
Mark, ^'Der Aufbau der hochpolymeren organiscben Naturstoffe,’’ Akad. 
VerlagB-Ges., Leipzig, 1930. 
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merization or by condensation with splitting off of water from 
low-molecular compounds, it is only natural that this specific 
field of colloidal research is strongly linked with the development 
of classical organic chemistry. Moreover, besides the study of 
primary valency-chain linkages, we must also consider the 
possibility of forming network structures due to two- or three- 
dimensional primary valency linkages or bridge linkages. Typ¬ 
ical examples of such macromolecular compounds are a great 
number of synthetic resins, c.g., bakelite, the condensation 
product of phenol and formaldehyde. According to recent 
assximptions, the vulcanization, of rubber may well be considered 
as a transformation from a primary valency-chain system to a 
tridimensional bridge linkage. 

It would lie far beyond the scope of this book to discuss in 
more detail the development of this very modem branch of 
colloidal science, even if one has to admit that it is extremely 
fascinating. The reader is referred to the excellent highly 
specialized textbooks available.^ However, further atten¬ 
tion will be drawn to these developments and the deductions 
that are based thereon, wherever it seems essential for a clear 
understanding. 

Instead of atoms and ions combining in such a way that they 
form molecules, they can also combine, influenced by primary 
bonding forces, to form ionic or atomic lattices.* Sodium 
chloride knd quartz crystals are typical examples of such ionic 
lattices. The building units can also be linked together by 
chemical main valencies. The diamond is a t 3 rpical example. A 
lattice layer of atomic linkage is represented by graphite. 

The colloid chemist and physicist is interested primarily in an 
answer to the question as to what lattice structures and shapes 
the colloid particles possess and secondarily as to what connection 

1 R. Hoxtwink, Plasticity, Elasticity, and Structure of Matter,” Cam¬ 
bridge University Press, England, 1937. K. H. Msysb and H. Mare, '^Der 
Aufbau der hoclipol 3 rmeren organischen Naturstoffe,” Akad. Verlag&^Ges., 
Leip 2 dg, 1930. H. Staudingbb, “Die hochmolekularen organischen Ver- 
bindungen,” Julius Springer, Berlin, 1932. W. J. S. Naunton, “Synthetic 
Rubber,” Macmillan & Company, Ltd., London, 1937. See also Pbr K. 
Fbolich, “Chemical Trends in the Petroleum Industry,” Ind. Eng, Chem,t 
80, 916 (1938). 

^ For further details and literature references, see, e.g., v. BttzXoh, op, cU, 
pp. 111#. 
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exists between the stoichiometric and stereometric composition 
of the colloidal particle. 

Long before x rays were applied to the determination of crystal 
structures, P. P. von Weimam demonstrated beyond any 
reasonable doubt that colloidal particles can also have a lattice 
structure and that this is not confmed to perfectly grown crystals 
or to any dimensional limitation. With the advent of x-ray 
diffraction analysis and especially as a result of the work of 
P. Debye and P. Scherrer (see Appendix, pages 249jf.), it could be 
proved that even the smallest colloidal dimensions give an 
x-ray pattern if the particles possess a lattice structure. Scherrer 
was able to obtain a distinct x-ray pattern from a gold sol (after 
coagulation) which contained particles of about 6 mju in size. 
E. Wi^eP has obtained perfect diagrams using silver sols 
containing particles of not over 10 m/t in size. In both cases, 
the diagrams obtained were absolutely identical with those 
obtained from large pieces of the same metal. As R. Brill^ has 
shown, the interference bands become broader and less distinct 
the more highly the system is dispersed. As a matter of inter¬ 
est, it may be noted that Scherrer applied this method for the 
purpose of obtaining a qualitative figure for the particle size. 
J. Boehm’ is of the opinion that clear x-ray diagrams become 
noticeable as soon as the particle enters the lower range of 
colloidal dimensions, or, to put it in another way, that a clear 
difiraction pattern disappears as soon as the degree of dispersion 
reaches so-called molecular dimenmons. 

The second question (connection between stoichiometric and 
stereometric composition of the colloidal particle) has already 
been discussed in a previous chapter. 

1 AoS. Zeit., 68, 96 (1930). 

»/Wa., 69,301 (1934). 

»7Wd, 43, 276 (1927). 
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AGGREGATES BONDED BY SECONDARY FORCES 

There is no doubt that, from the point of view of the colloid 
chemist or physicist, secondary aggregates are by far the more 
interesting. Such aggregates as have been pointed out are 
formed from molecules, ionic lattices, main valency chains, etc., 
or, generally speaking, primary aggregates by linkages resulting 
from secondary bonding forces. A secondary aggregate, there¬ 
fore, consists of individual building units bound to each other by 
interionic and interatomic forces which, in turn, are boxmd 
together by secondary forces. That 
this is the general construction can be 1 
easily proved by the difference of | 
energy required to decompose or R 
destroy the two types of linkages. 

A linkage resulting from secondary ^ 
combining forces is much weaker and 
therefore needs less energy to be ^ 
destroyed than a primary force I 
linkage. ^ 

Fig. 83.— -Intermolecular 
Attraction and RBPXJIiSION Forces forces, a, attraction; R, repul¬ 
sion; D, distance between par- 

It is generally assumed that tides of coherent ssrstems. 
attraction and repulsion forces act 

between molecules. The cohesion between the individual 
particles forming a liquid or a solid would be inconceivable 
without the assumption of a force of attraction. But since the 
compression of matter requires energy, one must also coimt on 
the existence of a repelling force. According to the theories of 
Laplace and Gauss, the repelling force decreases more rapidly 
than the attracting force. At a certain distance, the forces 
must compensate each other. This is schematically demon¬ 
strated by Fig. 83, where the dotted lines represent the individual 
forces the drawn line being the resulting force. 
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The idea of studying molecular forces and especially the poten¬ 
tial of the molecular attraction force was originated by van der 
Waals and has since been materially developed by men like 
W. H. Keesom and P. Debye/ who introduced the theory that 
interionic, interatomic, and molecular forces are all electrical 
forces. Later, F. London and H. Kallman,* H. Kallman and 
M. Willstatter,® and recently C. Hamaker^ further extended 
the theory of energy potentials. (For further details, see 
pages 219/.) 

Dipoles 

According to Debye’s theory, it is the distribution of the 
electric charges that determines the intermolecular forces.. ,If 



b c 


Fia. S4.—Orientation of dipoles, a, unstable (intermediate) condition; h, stable 
condition (low-potential energy); c, unstable (high-potential energy). 

the charges are not symmetrically distributed, we obtain mole¬ 
cules of typically polar nature. Depending on the number of 
poles, we can distinguish between so-called permanent dipoles, 
quadrupoles, etc. If two ideal dipoles approach each other, they 
will tend to orient themselves in such a way that the free energy 
of the resulting system is at a minimum. This will be true when 
the positive pole of one dipole contacts the negative pole of the 
other (Fig. 84). On the basis of such an assumption, the aggre¬ 
gation of polar molecules finds a logical explanation. P. Debye* 
has been able to show that the aggregation of molecules can 
also be explained in such cases where the dipoles contain movable 
charges, since on approaching each other polarization must 
result. If we have two dipoles approaching each other, e.g., owing 

^PkyHkal. Zdt,, 21, 178 (1920); 22, 129, 302 (1921). 

* ZeU. PhyB.y 63, 245 (1930); Zeit, phynkcd, Chem., AbU B, 2, 207 (1929). 

* Naturw,, 20, 952 (1932). 

^ Rec. trao. ckim. Pay^-Bas, 56,1015 (1936); 66,3,727 (1937); 67,61 (1938). 
Phyiica, 4,1058 (1937). Symposium on the dynamics of hyx^phobic sus¬ 
pensions and emulsions, p. 16, Utrecht, 1937. Chem. WbL, 35, 47 (1938). 
See also contributions by W. EIast and W. Maier, A Michels, J. i>b Boer, 
and A. Bul, J. H. db Boer and J. F. H. Custers, de Boer and G. BLaxler 
and A. J. Staverman, in the special issue of PhyaicGf 4, November, 1937. 

* “Polar Molecules,*^ Reinhold Publishing Corporation, New York, 1929. 
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to their thermal movement as shown in Fig. 85a, they wUl repel 
each other, since the poles of the same sign are closest together. 
However, at the same time the charges, too, will be displaced, as 
shown in Fig. 856, and the dipole moment will diminish. This 
will cause a reduction in the repelling force, and a system with 
reduced free energy results. 

If poles of opposite sign get close together (Fig. 85c), attraction 
will result, causing an increase of the dipole moment and an 
increased force. Since the changes in forces caused by a recip¬ 
rocal polarization of movable dipoles depend only on the internal 
structure of the molecule, it must be considered as that important 
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Fig. 86.—Polarization of dipole. 


and so far neglected part of the van der Waals attraction forces 
which is independent of temperature. London and Kallman 
have amended Debye’s concept, which caimot satisfactorily 
explain the attraction forces in apolar gases, by assuming that 
the electrons in the atoms are displaced if the molecules come 
suflSiciently close to each other. Such reciprocal displacements 
should lead to attraction forces even between originally nonpolar 
molecules. London states that: 

1. These attracting forces are effective over multimolecular 
dimensions, which is not the case with electrostatic forces. 

2. That they are independent of the temperature and the 
position of the molecule. 

3. That the dipolar properties are of only secondary impor¬ 
tance and that these forces are superimposable, which means 
that the force acting between two molecules is not disturbed by 
the presence of a third one. 

The additive character is the factor that makes this theory 
valuable in the discussion of a variety of colloidal phenomena. 
It is the first theoretical attempt to interpret experimentally 
observed supermolecular distances between particles in station¬ 
ary systems. 
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Association Aggregates 

A direct result of dipole arrangement in molecular disperse 
systems is their preference to aggregate in the form of swarms. 
If the molecular forces are strong, i.e., if the niolecules have a high 
dipole moment or are easily polarized, so that they can overcome 
temperature effects and the like, molecular aggregates will be 
formed by association. The degree of association will depend 
not only on the actual dipole moment, as we can now readily 
understand, but also on the location of the dipoles in the molecule 



Pig. 86.—Dipole aggregates. 


and on the shape and size of the molecule itself. If we are dealing 
with typically anisodimensional molecules of fibrillar or lamellar 
type, the system exhibits a minimum of free energy when the 
molecules line up with their longitudinal axes parallel to each 
other (Fig. 86a). 

A somewhat less stable configuration is visualized when the 
molecules link together and form a chain (Fig. 866). This must 
ultimately result in an increased dipole moment of the associated 
molecules. However, the length of such a chain must be limited, 
because the opposite charges at the end of the chain finally 
become so large that they lead to a collapse of the chain, a.fjr., a 
ring formation (Fig. 86c). If the dipolar axes happen to lie 
perpendicular to the axes of the molecules, it is probable that 
more stable chains of different type of molecular arrangement 
could be formed (Fig. 86ci). In the case of spherical molecules, 
the probability of a strong association seems decidedly less, 
because of the dipoles lying in a more central position. 

Association Colloids 

If normal molecules associate until the newly formed aggregate 
is of colloidal dimension, we speak of association colloids. We 
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have already stated that association depends on the dipolar 
character of the molecules; it also depends on the dielectric 
properties of the medium, on the concentration of dissolved 
substance, and on the temperature. Therefore, association 
colloids must also be influenced by these factors. Soaps, i,e., 
salts of higher fatty acids, are typical association colloids. The 
individual soap molecule is amicroscopic, but it is highly aniso- 
dimensional and has a high dipole moment. With increasing 
concentration,^ the degree of association increases. Increasing 
temperature will decrease the degree of association (Mg. 87). 

In considering again what has been said about the factors 
governing association, we can now readily understand why 
S 3 rstems containing molecules of an increasing number of carbon 


d 

Fio. 87.—^Association colloids, a, associated soap molecules at low temperature; 
h, disrupted dipole chain at high temperature. 

atoms exhibit an increased tendency to associate. The dipole 
moment and the anisometric shape increase. Besides soaps, a 
great number of other compounds, e.g., many dyestuffs, tend to 
form association colloids. This discussion of association coUoids 
also explains why and how their degree of dispersion can, imder 
varying conditions, undergo continuous changes, whereas, for 
example, eucoUoids or macromolecular compounds never give 
highly disperse systems unless chemically decomposed. 

Just as ionic and atomic lattices exist, we also know of com¬ 
pounds in which the absolutely independent molecules can 
arrange themselves into a crystal lattice without losing their 
independence. In such systems, the cohesion of the atoms or 
ions in the building unit of the crystal is naturally much larger 
than the linkages between the units themselves. The latter 
are held together by infermolecular forces, which are, as has been 
previously discussed, decidedly weaker than the iniramolecular 
forces. This difference is also evidenced by the fact that inter- 
molecular distances fifre generally greater than intramolecular 
ones. 

Such molecular lattices and the forces holding them together 
are of extreme interest to the colloid chemist and physicist, 
isee e.g. P. Ekwall, KoU. ZeU., 77, 320 (1936); 35, 16 (1938). 
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because a great number of chemical compounds (especially 
organic) of colloidal dimensions belong to this group. It would 
exceed the scope of this book to consider molecular lattices and 
their importance to colloid chemistry in more detail. It must 
suffice to have drawn attention to such structures, but the reader 
is referred to the specialized textbooks and publications.^ 

Main Valency Chains.—^The tendency of high-molecular com¬ 
pounds such as cellulose, rubber, and natural silk is to form 
highly difform primary building units or main valency chains. 
Here, again, x-ray analysis has permitted an excellent insight 
into the structure of these products. It has been shown that 
the fiber structure is the result of an orientation of the minute 
crystallites in the direction of the fiber axes, without, however, 
being specifically oriented perpendicular to these axes. Except 
for a general discussion of the theoretical basis for x-ray spec- 
trography, to be found in the Appendix, the reader is referred 
to special textbooks. This field has undergone such an amazing 
development that it is a hopeless task even to attempt a satis¬ 
factory discussion in the available space. ^ 

^ The parallel arrangement of lattice molecules in naphthalene, anthracene 
etc., is discussed, for example, in P. P. Ewald, '^Kristalle und ROentgen- 
strahlen,” Julius Springer, Berlin, 1923. The crystalline character of par¬ 
affin and higher fatty acids has been demonstrated by M. bb Broolib 
and G. Fbibdel, Compt rend,, 176,738 (1921); A. Mxtbllbb and E. Shbarbb, 
J*. Chem. Soc., IM, 2043,3152,3156 (1923). Especially J. J. Tbillat, Compt, 
rend,, 180, 280, 1329, 1485 (1925). See also P. Hallb, Koll. ZefU,, 56, 77 
(1931). Laminar structures formed by double molecules have been studied 
in lauric acid by K, H. Mbtbb and R. Bbill, Zeit, Krist,, 67, 590 (1927). 
See also I. E. Langmuib, J, Am, Chem, Soc,, 89,1848 (1917). More general 
discussions on the subject and methods of evaluation can be found in the 
many textbooks dealing with x-ray spectrography, e,g,, W. L. and W. H. 
Bbagg, “X-rays and Crystal Structure,” (oeorge Bell & ^ns, Ltd., London, 
1925. G. L. Olabk, “Applied X-rays,” McGraw-Hill Book Company, Inc., 
New York, 1927. H. Mabe, “Die Verwendung der Rdntgenstrahlen in 
Chemie imd Technik,” J. A, Barth, Leipzig, 1926. J. J. Tbillat, “Les 
Applications des Rayons-X,” Les Ihesses Universitaires de France, Paris, 
19^ VON BuzXgh, op, cit,; etc. 

^ For a detailed discussion of the structure of high-molecular compounds, 
the following books may be consulted; G. L. Clabk, “Applied X-rays,” 
McGraw-Hill Book Company, Inc., New York, 1927. R. O. Hbbzog, H. 
Hoffmann, and O. Kbatkt, “Fortschritte auf dem Gtebiet der hochmole- 
kularen Verbindimgen” (“E^dbuch der Biochemie des Menschen und der 
Tiere”), Gustav Fischer, Jena, 1930. £* Hbss, “Chemie der Cellulose” 
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Mbsophase Systems 

In the case of systems containing anisodimensional dispersed 
particles, it can happen that some of the movements are 
periodic, whereas others are statistically uniform. This results 
in the fact that such mesophasea, or the mesomorphic atatCy 
will exhibit an orientation only in certain preferred direc¬ 
tions of space. According to this defimtion given by Wo. 
Ostwald, we are dealing with a condition intermediate between 
truly amorphous and crystalline. It therefore is possible to 
talk of mesophases of a coarse degree of dispersion just as well 
as of colloidally disperse mesophases. Such a differentiation 
seems to be more in accord with the general systematization 
followed throughout this book than other definitions found in 
the literature. 

Two basic forms of the mesomorphic state are usually dis¬ 
tinguished: one, the so-called nematic; and the other, the smectic 
ataU, 

The Nematic State.—In the nematic condition, the longitudinal 
axes of the anisodimensional particles lie parallel to each other, 
but the directions of the two remaining perpendicular axes and 
the distances between the individual particles vary from one 
particle to the other (Fig. 88a). Furthermore, we can distinguish 
t>etween a nematic state with a linear fibrous structure and one 
with a plane fibrous structure. To picture a linear fibrous struc¬ 
ture we might look at a bundle of pencils held together in parallel 
position, whereas a plane fibrous structure would result if these 
pencils were spread at random on a flat surface. If such nematic 
bodies take on a helical shape, e.^., by rotation of their elements, 
they are known as cholesteric forms, the phenomenon being very 
pronounced in cholesterol derivatives. 


(contribution by J. R. Katz), Akad. Verlags-Qes., Leipzig, 1928. K. H. 
Mbteb and H. Mabx, **Der Aufbau der hochpolymeren oiganischen 
Natuistofie,’’ Akad. Verlags-Ges., Ldpzig, 1930. H. Staxtdingbb, ^'Die 
hochmolekularen oiganischen Yerbindungen,’’ Julius Springer, Berlin, 1932. 
A Kuhn, ''KolLoidcheiQisches Taschenbuch” (contribution by G. von 
Susich), Akad Verlags-Ges., Leipzig. 1936. R. Houwink, ‘‘Elasticity, 
Plasticity, and Structure of Matter,” Cambridge University Press, England, 
1937. VON BttzXgh, op. cU, See also 0. Keatky, Roll Zeit,, 84, 149 
(1938). 
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The Smectic State.—In the smectic state, the intervals between 
the individual particles are also uniform in the preferred direc¬ 
tion so that the individual particles form layers evenly distanced 
from each other (Fig. 886). Another possibility, i.e., a system 
in which the particles are oriented with their longitudinal axes 
parallel to each other and equidistant, also seems possible. The 
regular x-ray fiber diagram can be taken as an example of such 
a configuration. If perfect sjnnmetry is present, then we speak 
of a crystal-lattice type of arrangement (Figs. 88c and d). 

A careful search reveals that these conditions are far more 
common than generally assumed. For example, it has been 
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Fig. 88.—Mesomorphic systems, a, nematic arrangement of molecules 
(viewed at right angle to fixed molectilar axes); smectic arrangement; c, 
unknown as mesomorphic substance (corresponds to oriented fiber arrangement); 
d, unknown as mesomorphic substance (corresponds to (uystal lattice). 


ascertained that the so-called liquid crystals are typical meso¬ 
morphic systems.^ 

It is quite evident that mesophases will form the more easily 
the more anisodimensional the building units of the system are. 
It is logical that soaps or vanadium pentoxide sols, with typical 
fibrillar or lamellar particles are predestined to form mesophases. 
The forces that orient these building units are very sin^ar to 
those which we have discussed in connection with the formation 
of association molecules. All the deductions in this former dis¬ 
cussion can be fully applied to systems containing mesophases. 
Since mesomorphic systems are most pronoimced if present in a 
colloidal degree of dispersion, it is natural that the colloid chemist 

^See, e.g.j D. VoblJlndbb, Zeii, phyaikal, Chem., 98, 616 (1918); 0. 
Lehmann, ‘‘Flfissige Kristalle,” I. P. Bergmann, Wiesbaden, 1911; KoU. 
Zeit,, 15, 64 (1916). G. Fbiedbl, ^'Les 6tats mesomorphes de la xnatidre,” 
Paris, 1922; Ann. phys.^ 18, ^3 (1922). H. Hebmanns, Bee. trau. 
chim. Paye-Bas, 45, 6 (1926). J. Pbeein, KoU. ZeU., 51, 2 (1930). H. 
Fbeundlich, R. Steen, and H. Zochee, Biochem. Zeii., 138, 307 (1923). 
Especially H. Zochee and V. Biestbin, Zeit. physikal. Chem., A 141, 413 
(1929); 142, 113, 126, 177, 186 (1929); and H. Zochee’s contributions in 
A Kuhn, ‘‘KoUoidchemisches Taschenbuch," pp. 129#., Akad. Verlags-Ges., 
Leipzig, 1935. Also Trane. Faraday 8oc„ 29, 881 (1933).. 
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and physicist is especially interested in this phenomenon. Most 
important of all problems connected with this phenomenon is the 
question as to what forces besides the attraction forces act to 
cause the formation of mesomorphic systems in the colloidal 
range. Although no absolutely final answer can yet be offered, 
it seems more than probable that interfacial effects play a pre¬ 
dominant part. This idea, originated by Wo. Ostwald,^ has 
since found so many experimental proofs that its correctness can 
no longer be questioned. 

The results obtained in the study of mesomorphic systems and 
the constant improvements in x-ray spectrography have demon¬ 
strated that a great number of substances previously considered 
as amorphous are definitely crystalline or at least mesomorphic. 
These findings have made us assume that only true liquids may 
really be considered amorphous. However, very recent observa¬ 
tions seem to show that even in such liquids some specific group¬ 
ings of molecules exist.* 

CvBOTAcnc Condition 

Some assume that in a liquid there are molecules which at every 
time differential are surroimded by other molecules in definite 
arrangement, similar to the structure of crystals. Others assume 
that the liquid is always filled with a great number of regions, 
each of which exhibits a regularity of its own (cyhotactic condition). 
Since the molecules constantly shift from one group to the other, 
a continuous transition between the cybotactic groups must be 
assumed. 

Although it seems too early to discuss any possible further 
development of such theories and their influence on different 
colloidal phenomena, they may no longer be overlooked, since 
the dimensions of such cybotactic orientation may easily extend 
into the colloidal range. The discovery of submicroscopic emul¬ 
sions in what so far have been considered as true solutions seems 
materially to strengthen the theory of cybotactic regions. Similar 
considerations have recently been postulated in regard to the 
formation of glasses, which so far have not given any sign of 
crystallization by x-ray analysis.* 

i**Die Welt der vemachlftssigten Dimensionen,” 10th ed., pp. 146:^., 
T. Steinkopfi, Dresden, 1927. 

* See especially G. W. Steward, KoU. Zeit., 67, 130 (1934). 

’ B. E. Warren and J. Biskob, J, Am. Ceram. Soc., 21, 49 (1938). 



CHAPTER XVII 
COLLOIDAL AGGREGATES 


Definitions.—In the two preceding chapters, those aggregates 
of elementary building elements, atoms or ions, were first 
discussed which are held together by primary binding forces 
(chemical main valencies). These were termed primary aggre- 
gates. Then aggregates were examined that are formed from 
such primary aggregates by binding several of these together by 
intermolecular or secondary binding forces. These were 
called secondary aggregates. One of the outstanding character¬ 
istics of these aggregates is that they are themselves highly dis¬ 
perse systems. If their degree of dispersion falls into the 
colloidal range, they are termed primary colloidal particles, 
according to the nomenclature of R. Zsigmondy^ and W. Meck¬ 
lenburg.^ Primary colloidal particles may be defined as sub- 
microscopic particles exhibiting only discrete discontinuities. It 
can also be said that they consist only of highly difform buil(^g 
elements. If such primary colloidal particles associate without 
losing their individuality, colloidal aggregates are formed. As 
long as the size of such aggregates is still of colloidal dimension, 
we speak of colloidal secondary particles. However, if the size of 
the aggregates surpasses the colloidal range, we refer to them, 
depending on their physical properties and morphological char¬ 
acteristics, as gels (lyogels, xerogels, coagels), or jeUies. Such 
aggr^tes either can be formed by coagulation of highly dis^ 
perse or colloidally disperse systems (true solutions or sols), as 
has been discussed, or they may be already preformed in nature. 
The 'group of the macromolecules or eucoUoids represent such 
natural coarse colloidal aggregates. An explanation of the 
internal structure of these aggregates and of the forces acting 
between the primary colloidal particles are today the two fac¬ 
tors that must be considered as the most important problems 
of modern colloid science. 

^ Zeit. physikdl. Chem., 98, 14 (1921). . 

> Zeit. anorg. aUg. Chem., 74, 262 (1912). 
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The Steucture of the Colloidal Agqbegate 

The structure of the colloidal aggregate is mainly determined 
by: 

1. The degree of dispersion or size of the primary particle. 

2. Its shape, or geometric form. 

3. The spatial distribution of the primary particles. 

The last can also be expressed in terms of packing and density. 
The size of the primary colloidal particles or the particle-size 
distribution in the S 3 rstem is important in so far as it permits a 
differentiation between monodisperse and polydisperse a^e- 
gates.^ The size of the particles determines the specific surface 
of the system and, in coimection with the shape, also the magni¬ 
tude of the inner voids of the system, or the “intennicellar 
space.” 

The geometric form is of importance, as it controls largdy 
the physical and physicochemical properties of the system. 

It seems advisable to discuss first the different postulated 
theories in regard to the spatial arrangement of the primary col¬ 
loidal particles in the colloidal aggregates, i.e., the prevailii^ 
theories of gel structure and our present assumption of the forces 
acting between the colloidal particles, before attempting to 
sketch the most probable further development in this field. 

In the case of a sol, we are dealing with a system in which 
sterically .as well as dynamically independent particles are dis¬ 
persed throughout a fluid. Upon the addition of a coagulator 
{used in the broadest sense), these particles lose their dynamic 
independence and adhere to each other. This phenomenon can 
be explained either by the fact that the addition of such a coagu¬ 
lator or corresponding change of the original system produces an 
attraction between the particles, which originaLly was not there, 
or by the fact that originally existii^ repelling forces have been 
reduced or, finally, by the fact that an increased concentration 
of electrolyte in the ^persion medium has so strengthened the 
ionic bonds in the liquid that the dispersed particles are pushed 
together and eliminated (see page 169). Such an assumption 
naturally involves the possibility that originally both types of 

*• Monodisperse aggregates are made up out of primary particles of uniform 
size, whereas polydisperse aggregates are built from primary particles of 
varying sizes. 
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forces existed, the repelling forces overbalancing the existing 
attraction between the individual particles. On the basis of 
what has been discussed in the chapter dealing with the electro- 
kinetic properties of colloidal systems, it becomes evident not 
only that such forces depend on the composition of the disperse 
part but that the composition of the dispersion medium as well as 
its affini ty for the disperse part is equally important. Whereas 
molecular cohesion forces are governed exclusively by the con¬ 
stitution, size, and shape of the disperse part and therefore are 
independent of the type of the dispersion medium, the repulsion 
forces can be caused by different factors. They can be ionic 
(electrical nature) in the case of watery dispersions, primarily as 
a result of the formation of diffuse double layers. In cases where 
the dispersion medium is of t 3 q)ical apolar character, repulsion 
can be the result of particle solvation, etc. 

Influence of Pabticlb Shafe 

Besides shape and size of the individual particles, the inter- 
micellar forces seem to play an important part in gel structure 
which makes it advisable to subdivide the problem into three 
groups, depending on the form of the colloidal particles (cor¬ 
puscular, laminar, and fibrillar). In the case of corpuscular 
particles, one may assume that those with the most symmetrical 
field of force, i.e., spherical particles, will yield the most dense 
a^regates. They also should yield isodimensional macroscopic 
forms. This should be independent of the questions whether 
the aggregated particles actually touch each other, as is true in 
xerogels (see page 162), or are still separated from each other by 
films of the dispersion medium (lyogels, see page 162). 

Polyhedral particles generally give loose structures. The 
structure of gels made up out of polyhedral-shaped particles will 
be loose in proportion to the strength of adhesion between the 
particles. This apparent i>aradox calls for more detailed 
explanation. 

Adhesion Nuubeb and Adhesion Angle 

A. von Buzdgh^ carried out highly interesting research, which 
has considerably clarified this point, by studying the adhesion of 

^KoU. ZeU., 47, 370 (1929); 61, 105, 230 (1930); 62, 46 (1930); 76, 2 
(1936); 68, 279 (1938); 84, 16 (1938). KM. Beik., 82,114 (1930). 
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microscopic particles to walls consisting of the same material. 
He applied two methods for his studies. They are today gen¬ 
erally known as the adhesion-number and the adhesion-angle 
methods. In the first method, the particles of a polydisperse 
suspension are allowed to settle out on the base plate of an appro¬ 
priate container, the plate being of the same substance as the 
disperse phase of the system. The concentration of the dis¬ 
persion is so selected that the number of particles which sediment 
on the base plate can be easily counted; i.e., the sediment forms 
a aiTigla layer. The vessel is now turned upside down, and the 
partial*” that then still adhere to the former base plate are 
coimted. The adhesion number is 
simply the percentage of the particles 
arlh ftri n g to the base plate after the 
container has been overturned. The 
result of a great number of such experi¬ 
ments proved that, all other conditions 
being equal, the medium-sized particles 
of a polydisperse system will adhere to 
the base plate, the largest and smallest 
ones dropping off. The reason for this can be explained by 
oaaiiining that the influence of gravity overcompensates adheaon 
forces in the case of the large particles and that in the case of 
the smallest particles it is the increasing influence of the thermal 
motion that takes them out of the zone of influence of the 
adhesion forces of the base plate. 

Where the method of measuring the adhesion angle is applied, 
the polished base plate of the vessel containing the suspension is 
placed on a platform that can be tilted to any desired angle 
(see Fig. 89). At an angle characteristic for the system under 
observation, known as the angle of adhesion, the particles begin 

to slide down. ^ 

On the of a Urge number of experimental (Uta, v. Buz^h 
was able to calcuUte approximately the adhesion forces (see 
Appendix, page 244). His calcuUtions indicate that the particles 
do not actually touch the wall but are separated from it by a film 
of the dispersion mediTim. It has also been observed that s:^ 
particles seemingly adhering to the pUte are nevertheless in vivid 
Brownian motion. They perform a two-dimensional movement, 
t.e., are not able to move out of the plane into which they origi- 
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nally sedimented. A film of liquid of appreciable thickness (many 
molecular dimensions) prevents direct contact with the base 
plate. The attraction force that the base plate exercises on the 
individual particles prevents them from increasing their distance 
from it, unless a molecular impact of sufficient kinetic energy 
strikes them and pushes them out. 

Tactosols and Tactoedb 

These facts prove tmdoubtedly that far-reaching forces which 
exceed molecular attraction forces must be present between 
particles and wall. Such far-reaching forces also explain H. 
Zocher* and K. Jacobsohn’s investigations on the so-called 
tacto sols and tactoids, as well as Wo. Ostwald and W. Haller's* 
and A. v. Buzdigh’s* studies on the sedimentation volumes of 
coarse dispersions. H. Zocher observed an extremely regular 
layer-like orientation of the anisodimensional sol particles in aged 
samples of ferric hydroxide,* tungstic oxide, and vanadium pent^ 
oxide sols. He termed such sols tactosols; and the patches made 
up out of the parallel-oriented colloidal particles, tactoids. The 
interesting fact is that the distance between such layers is abso-r 
lutely regular, so that interference colors are produced by the 
reflected light (iridescent layers). Distances of 200 to 400 mn 
have been observed. Zocher and his coworkers were further¬ 
more able to prove that the distance between these layers can 
be varied by the addition of electrolytes. If an electrolyte is 
added which will cause a reduction of the repelling forces, then 
the layers will move closer together. So far there acaTT'a to be 
no other satisfactory explanation than the assumption of far- 
reaching attraction forces and varying repuMon between the 
particles.* 

Sbdimbntation Volume 

Similar conclusions can be drawn from the foregoing studies in 
regard to sedimentation volume, v. Buzdgh demonstrated, for 

• KoO. Zea., 41 ,220 (1927); Kctt. Beih. 28,167 (1929). 

*Koa. BeOi., 89,354 (1929). 

*Ibid., 88, 114 (1980); Kott. Zrit., 79, 166 (1937). . 

* See also K. CioFBa and H. FebW>lich, Tran». Faraday Soc., 88. 348 

(1987). ’ 

‘See also the recent contribution by M, A. Laotfbe oh the opti(»l 
properties of solutions of tobacco mosaic virus protein, J. Phut Chem 48 
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example, that very thin glass disks will sediment from a snflBl- 
ciently dilute aqueous suspension in such a way that a film of 
about 300 m/x in thickness will separate the particles from each 
other in the sediment. The presence of water films of appreciable 
thickness separating the particles in stable clay pastes has been 
pointed out by F. H. Norton.^ In the condition of best work¬ 
ability, F. H. Norton and F. B. Hodgdon* found water-film 
thicknesses. varying with different types of clay from 2.1 to 
3.3 • 10* A.. H. Freundlich* calculates the distance between 
particles in a solid sodium-bentonite suspension to be 120 mju. 
That such liquid layers are not necessarily limited to systems 
with a watery dispersion medium has been shown in the case of 
kaolin suspended in carbon tetrachloride. A calculation of the 
sedimentation volume has demonstrated that the particles are 
separated by liquid layers of appreciable thickness. 

As was previously pointed out, we may assume that the cohe¬ 
sion of the particles cannot be accounted for by a single cause. 
One of them, the attraction, is the direct mass action of neigh¬ 
boring particles and originates in the liquid layer covering the 
surface of the wall, or surrounding the particle. This layer 
consists of molecules of the dispersing medium as well as ions of 
the solute. As we have mentioned, the adsorption layer built 
up from molecules of the pure dispersion medium is known as the 
lyosphere. In the case of a solute’s being present, its adsorbed 
ions are held in this lyosphere and form an electrical double 
layer. Lyosphere plus electrical double layer makes what is 
known as the solvated layer. This must be considered of diffuse 
nature, since there is a continuous transition between the par¬ 
ticle surrounded by the solvated layer and the free dispersion 
medium. The solvated layer prevents adhesion of particles, 
partly owing to its internal friction, partly to the production of 
Coulomb repulsion forces. The first resistance is more of a 
mechanical nature; the second, more electrical. 

1/. Am, Ceram,.Soc,, 16, 86 (1933). 

* Ibid,, 16, 191 (1932). 

» K(M, Zeit,y 46, 295 (1928). For detailed discussions and further refer¬ 
ences, see, e,g.y R. Hottwink, ^'Elasticity, Plasticity and Structure of Mat¬ 
ter,” pp. 333#., Cambridge University Press, Engird, 1937. K. Enoell, 
W. I^os, M. Mbuscheidbr, and V. Bbbg, Degebo Ver^ffenUichung, Heft 5 
(1938). E. A Hausbb and C. E. Rbbd, J, Phys, Chem,, 41, 911 (1937). 
E. A. Haxjbbe and D. S. lb Bbav, {bid,y 42, 961 (1938). 
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Ltosphsbbs 

On the ba^ of such an assTunption, two particles of a stable 
dispersion are prevented from getting into close contact, since 
stability calls for a thick solvated layer or at least an appreciable 
lyosphere. If particles possess a high kinetic energy, because of 
either sufficient aze or high velocity, the solvated layers or 
lyospheres will be difformed. This will result in coalescence of 
the solvated layers, and a new arrangement is formed with less 
free energy. Such deduction offers a simple explanation for the 
reason why the specific adhesion is the greater the larger the 
particles. The heavier particle will difform the solvated layer to 
a la^e extent and therefore come in closer contact with the wall. 
Furthermore, this theory offers an explanation as to why the 
adhesion of anisodimensional particles is, as a rule, stronger 
than that of spherical particles. The surfaces facing each other 
are larger in the former case. 

If particles lose their electric charge or are deprived of their 
lyosphere, they may come into actual contact with each other. 
In such an instance, the binding forces will become predominant. 

Factors Influencing Sbdimbntation Volumes 

These deductions also permit a simple explanation for the 
differences in sedimentation volumes obtained by different meth¬ 
ods of precipitation and throw some light on the changes that a 
jcolloidal system undei^oes when transformed from a sol to a gel. 

If we allow particles of an anisodimensional siuspension to 
settle out of their own accord, they will tend to pack themselves 
in such a way that a sediment of nniniTinnTn free energy results. 
This means that they line up with thdr large surfaces l 3 dng 
opposite to each other. The imchanged solvated layers or lyo¬ 
spheres will thereby act like a lubricant, permitting the particles 
to dide over each other \mtil they have found their proper 
location. If, with increasing sedimentation, the solvated layers 
of the first settled particles are distorted, because of pressure 
exerted upon them, this can end only in mulring the pn-olring 
somewhat denser. However, if the particles (by addition of an 
appropriate substance) are suddenly deprived of their repelling 
“coat,” they will coalesce or cohere to each other in a random 
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arrangement. This must result in a comparatively loose packing 
or a large volume of sedimentation (Mg. 90). 

However, these differences will not only show up in variations 
of sedimentation volume and retention of dispersion medium, 
but they will also materially influence the mechanical properties 
of the formed a^egates. Although it may seem somewhat 
paradoxical, it follows none the less from the foregoing discussion 
that the formed aggregates will be the looser the stronger the 
spontaneous adhesion between the particles at the moment of 


BOTTOM PUTE 
.a b c 

Fig. 90.—Sedimentation volumes, a, free (unhindered) sedimentation; 
h, distortion of lyosphere due to pressure (close packing); e, loose packing due to 
coagulation prior to sedimentation. 

their formation. This explains why such aggregates as dried 
coagula of metallic sols show little mechanical strength and 
exhibit brittleness and friability. 

If we accept the undeniable fact that nature is the most eco¬ 
nomical chemist and en^eer in that it always tends to form 
systems with a miTiTTmim of free energy, the reason for structures 
iflr ft cellulose, silk, and cotton wool becomes readily understand¬ 
able. In all these cases, the highly anisodimensional building 
units (mostly formed by primary valency linkage) will be oriented 
and deposited with their long ax^ parallel to each other (see 
discussion on fiber structures, pages 253J0 • However, in the case 
of a sol-gel transformation and especially when this transition is 
very rapid (rapid discharge or dehydration), rod-shaped or 
lamiTiar particles may adhere only to each other at random points 
and thus form an open-textured loose network. 

Gelation and Gel Structoees 

It has been an accepted th^ry for a long time that gels formed 
by the addition of a coagulant are the result of the particle’s 
approaching each other to such an extent that the lyospheres 
intersect each other. Instead of obtaining this result by intro¬ 
ducing a coagulant or the like, an increase in concentration of 
the disperse part must result in a similar effect. The dispersion 
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TT.t.HiiiTn in such instances remains an integr^ part of the 
aggregate.^ It is assumed that the liquid co^tituent in such 
structures, which are known as lyogels, is chiefly retained by 
lyosorption. Instead of forming densely packed aggregates, 
which after losing the liquid constituent are known as yerogels 
(see Fig. 76), the sol particles may combine m a more open 
structure, as we have already mentioned. This structure can 
consist either of thin walls or of threads (spongoid or reticular 
structure). Thus we can form so-called capillary gels (Pig. 91). 
The liquid in such gels is retained, according to the theory, by 



Fig. 91.—CapU- 
lary gel. 



Fig. 92.— 
Network gel 
structure. 


lyosorption, capillary action, or simple mechanical occlusion. 
Such systems exhibit feeble liquid retention. Instead of single 
particles’ being responsible for the formation of the gel skeleton, 
one may also consider the possibility of a honeycomb or network 
structure produced by an association of the particles in fibrillar 
or larnmur formation (see Fig. 92 ). If we are dealing with 
extremely long primary aggregates or if, upon drying of such a 
gel, the individual particles are combined by primary linkages, 
we have a honeycomb gel whose walls are of massive construc¬ 
tion. We can compare these xerogels with solid foams, or 
spufnoid systems. 

O. Biitschli^ postulated that gels are composed essentially of 
two liquids, one mobile and the other tenacious. These liquids 
are evenly intermixed in the sol condition but separate upon 
gelation to form a honeycomb structure. The idea found some 
support in the studies of W. B. Hardy,* who discovered that the 
gelation of the system, gelatin—alcohol—^water, is preceded by 

1 See L D. Jones and R. A. Gortnbe, CoU. Symp. Monogr.j 9,387 (1931), 
for a differentiation between free and bound water. E. .I^tschbe, Proc, 
jKoy. Soc., A168,327, 330 (1937). ,/ 

* ^‘UnterBueliungen ffber die Mikrostruktur ktinstlicher tiiid nattirlicher 
Kiesels&ure^dlerten,’’ Engelmann, Heidelberg, 1900. 

> Zeit, physikdl. Chem.^ 88 , 326 (1900). , 
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the formation of a two-phase liquid system. However, this 
theory cannot ofiFer an explanation for gels of liquid-solid systems. 

The theory that has obtained the greatest amount of attention 
is unquestionably the micellar one, which assumes the formation 
of a network structure by the interlacing of threadlike aggregates. 
However, such a theory makes it difBicult to explain cases of 
gelation in systems where the ultimate particles themselves are 
not definitely anisodimensional. For example, we know that 
the individual particles of rubber latex, although egg-shaped 
rather than spherical, cannot be considered as laminar or fibrillar 
systems but that if coagulated by the addition of small quantities 
of electrolyte they will line up in pearl-string formation. This 



Fio. 93.—Formation of pearl-string aggregates, a, separate particles; 6, 
joining of two particles and coalescence of their lyospheres; c, probable chain 
formation; d, improbable arrangement. 

finally results in a threadlike network.^ Francis L. Usher* 
offered an explanation for this phenomenon based on microscopic 
observations of the coagulation of microscopically visible par¬ 
ticles. According to his point of view, a particle coming in con¬ 
tact with a doublet, t.e., two particles surrounded by a coalesced 
solvated layer, will attach itself only to one, thus forming a 
pearl-string anrangement. The reason for tlds, according to 
theory, is that the approaching particle has to overcome the 
re^dual force of only, one particle instead of two, which it would 
have to if it tried to attach itself in a middle position (Pig. 93). 
This author assumes that all gels are formed by such a mechanism. 
Cases where microscopic or even ultramicroscopic observations 
were unable to demonstrate the existence of such strings are 
explained by the assumption that the gel-forming structure is 
made up of particles too small, to become detectable even with 
the best microscopic equipment. 

*See, V. Hbnei, Compt rend,, 144, 432 (1907); his contribution 
(illustrated) in L. Mobissb, Latex,’* Augustin ChaU^el, Paris, 1908. 

*Proc, Ray- Sac,, A 126, 143 (1929). 



216 


COLLOIDAL PHENOMENA 


Most gelation theories were ably summarized by Wo. Ostwald,^ 
who offered the following general definition: GeU are systems of 
various composition {liquid + liquid, solid + liquid, liquid + 
solid) containing a large amount of liquid and of varying, mostly 
coUoidcd, degree of dispersion. Their structural elements subdivide 
the entire system hy mechanical lirikage {intermiceUar forces), 
coalescence, or uniformly arranged distribution in such a way tiiat 
the greater part of the liquid is subdivided into lyospheres. 

Thixotropy.—^In 1923, A. Szegvari and E. Schalek* noticed 
that an iron oxide sol of high concentration will set to a gel upon 
the addition of an electrolyte. This gel can be reconverted into 
a sol simply by shaking, and the procedure repeated indefinitely. 

This phenomenon was termed thixotropy, according to a sug¬ 
gestion made by T. Peterfi,* who had previously observed the 
same phenomenon in cell protoplasma. H. Freimdlich and H. 
A. Abramson^ assume that thixotropy is also evident in gelatin, 
since the viscosity of a gelatin solution increases after standing 
and upon agitation of such a solution decreases again until it 
reaches a minimiim value. Similar effects have also been 
observed in oil paints, which are known to thicken upon standing. 
As pointed out by Pryce-Jones,* it seems questionable whether 
such phenomena as observed in pmnts are actually the result of 
thixotropic behavior or caused by other changes in the system. 
To differentiate from true thixotropy, Pryce-Jones calls such 
cases “false body systems.” It is the opinion of the author that 
the changes in viscosity of the gelatin solutions are also due to 
other factors, e.g., reduction of the thickness of the lyospheres due 
to shear. H. Freundlich,® R. K. Schofield and B. A. Keen,^ and 
A. V. Buz^h^ have reported that pronounced thixotropy can be 
found even in such coarse disperse systems as clay and bentonite 

»KNL Z«t., «, 248 (1928). 

*7W(L, 82, 318 (1923); 88, 326 (1923). 

» Antw) EiOuicMungsmech. Organ., 112,660 (1927). The. term is derived 
from the Greek words (fhixis) meaning the touch, and r/Aint (trepo), 
meaning to change. 

*ZeU. phytikal Chem., 128, 26 (1927); 181, 278 (1927); 188,61 (1928). 

» J. Oa Cohr Chem. An., 19, 296 (1936). 

* KoO. ZeU., 46, 290 (1928). 

’ Nature, i3Z,m (1929). 

•KM. ZeU., 47, 223 (1929). 
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suspensions.^ It has been ascertained that thixotropy occurs 
only upon the addition of electrolyte in a limited range of con¬ 
centrations and that the addition of excessive amounts results in 
the formation of an irreversible coagulum, or of flocks that can 
no longer be redispersed. Very careful ultramicroscopic observa- 
tions^ of dilute thixotropic systems have demonstrated that at 
first the translatory component of the Brownian molecular 
motion comes to a standstill and that upon complete solidiflca- 
tion of the sjrstem the rotary component also ceases. 

As long as one dealt with polydisperse systems, it was difficult 
to make any accurate statement on the existence or nonexistence 
of a definite particle arrangement upon gelation. The production 
of thixotropic systems, which to all intents and purposes could be 
considered as monodisperse, must be judged as a great step for¬ 
ward toward better understanding of this phenomenon.* A 
systematic study of such monodisperse fractions of varying 
particle size not only revealed that no definite alignment is 
observable in the ultramicroscope but that, contrary to former 
belief, the strength of thixotropic gels increases with decreasing 
particle size. This has permitted, at least in the case of bentonite 
dispersions, the production of highly thixotropic gels at concen¬ 
trations well below 1 per cent.* 

It has now been definitely ascertained that in truly thixotropic 
S 3 rstems of highly disperse bentonite fractions, no definite geo¬ 
metrical aligmnent of particles is detectable. The particles that 
have ceased to move seem to be clearly separated from each 
other. Since the dispersions have been obtained by careful 
multiple fractionation, the argument cannot now be upheld that 
invisible particles form the actual gel structure. The acceptance 
of far-reaching attraction forces, coupled with appropriate 

^ Bentonite (montmorillonite) in pure form does not contain particles 
larger than approxunately 200 mp. The larger particles present are impuri¬ 
ties like quartz and feldspar and do not contribute at all to the thixotropic 
effect of such a system. True thixotropy seems definitely to be limited to 
systems containing a sufficient amount of truly colloidal particles. 

* See, e.g., E. A. Haussa, KcIL ZeiL, 48, 57 (1929). E. A. EUvsna and 
C. E. ]^BD, J. Phys. Chem., 40, 1169 (1936). E. A. HansBB and D. S. lb 
Beav, ibid., 414, 961 (1938). 

* Sm E. a. Hattsbb and C. E. Rbbd, J. Phyt. Chem., 40,1169 (1936). 

«/Wd., 41, 911 (1937). 



218 


COLLOIDAL PHENOMENA 


repulsion forces or the existence of strong bonds between the 
ions of the electrolyte in the dispersion medium, seeuM at present 
the only basis for a theoretical interpretation of this e^remely 
important case of isothermal sol-gel transformation. H: 
Freundlioh,^ in collaboration with J. Eubin, has attempted to 
calculate the potential energy of the repulsion and attraction 
forces between two coUoidal particles, in a system containing 



various concentrations of electrolyte, as a function of the distance 
separating them (Fig. 94). The dotted lines are the result of 
adding the values of the potential energies (repulsion plus attrac¬ 
tion). We see that in curves 1 and 2, stable sols must prev^, 
ance the curves demonstrate increa^g repulsion with decreasing 
distance. However, curve 3 shows a definite minimum, and curve 
4 demonstrates the predominance of the attraction forces over 
the entire range.* 

1 “Thixotropy,” No. 267 of “AotuaJiWs scientifiques et industiidles,” 
& Cie, Paris, 1936. This booklet, written in English, is the most 
up-to-da4 eummary in regard to our knowledge of the phenomenon of 
thixotropy. See also W. HTCTiUB and G. QomPB, Compt. rend., 206, 867 
(1937). H. PEiiuNnijiCH and D. W. Gn-Lmos, J. Chem. Soe., 646 (1938). 
W. HxIiUib and. B. Vasst, Compt. rend., 207,167 (1988). • 

* The calculations are based on particles of 4 «in diameter. 
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In the first case, the characteristic TninimiiTn represents an 
equilibrium condition at a given distance of the particles from 
each other. This corresponds to the formation of a thixotropic 
gel. Curve 4 denotes an entirely unstable, or coagulated, S 3 rs- 
tem. According to this point of view, thixotropy must be con¬ 
sidered as an intermediate, highly labile system on its way from 
perfect stability to coagulation. Yet this point of view cannot 
completely satisfy more recent results obtained in the study of 
well-defined thixotropic systems. 

* The Application of Potential Curves.—^A more detailed study 
of the van der Waals-London theory and its applicability to vari¬ 
ous colloidal phenomena, such as stability, differentiation between 
lyophilic and lyophobic colloids from one general point of view, 
gelation, thixotropy, and coagulation, has recently been reported 
by C. Hamaker.^ He also applies potential curves representing 
the energy of two particles plus their surrounding fiuid as a 
function of the distance between such particles. In Fig. 95a, 
we see such a set of potential curves. B represents the repulsive 
energy which rises when the particles approach each other. 
A represents the energy of attraction which decreases with the 
distance separating the particles. (The reason for the steep 
rise of the curve to the left of the vertical axis is that the strong 
elastic forces prevent the particles from actually penetrating 
each other). 

If attraction and repulsion act simultaneously, as is usually 
the case, then a sum of the curves A and jB would give us a pic¬ 
ture of the total-energy variation in the system, and it is the 
total energy that governs the system’s mechanics. The curves 
R and A, as shown, therefore, can also be taken to represent 
extreme cases of total potential curves. The curve R would then 
represent a system wherdn repulsion is predominant; the curve 
A, a case where attraction is outstandingly important. 

If the sol undei^oes some change by which the total potential 
curve is displaced from R to R' or from A to A', this change will 
not show up in any alteration of particle arrangement, since these 
sols would be dither stable or flocculated continually. To realize 
the possibilities lying in between these extremes, we need only 

1 Rec. trae. chim. Pay-Baa, 66,1016 (1936); 66,3,727 (1937); 67,61 (1938). 
Phyaiea, 4, 1058 (1937). “Ssnnposium on Hydrophobic (Colloids,” p. 16, 
Utrecht, 1937. Sm also R. Hottwhtk, op. cat., pp. 340#. 
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study systems where a curve of type i2 is gradually transferred 
into one of type A. Figure 956 gives us such a set of possibili¬ 
ties. The intermediate curves refer to systems where the 
attractive forces are predominant at large distances, the repulsion 
becoming more pronounced when the particles are close together. 
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curve r, in Pigs. 96a and 966, corresponds to the shape of the 
intermediate curves in Figs. 95a and 956, respectively. Now, 
if we again gradually transform Pig. 96a into Fig. 966, we must 
pass a stage at which the respective ciurves R 
and A intersect twice. This is shown in Fig. 

97, and we find there that the total-potentii 
curve now shows a new -miTiiTmiTYi at a large 
distance, combined with a pronounced maxi¬ 
mum at a shorter distance, or a ina.yiTmiTn at 
a large distance combined with a miniTYnim at 
a comparatively short distance. Figures 98a 
and 986 give us another series of curves based 
on these deductions and lying intermediate 
between Pigs. 956 and 95c. 

° j?jiu. w#.—opouini 

This set of curves shows that a colloidal oases of potential- 
system will behave differently, depending on 
the type of total-potential curves by which 
it is represented. For example, if we consider a sol, which 
is represented by Fig. 95c, and reduce the influence of the repul¬ 
sive force, either by the addition of electrolyse or by decreasing 
hydration, we shall decrease the stability of this soL The sys- 





Rq. 98.—^Intermediate potential-energy curves. 


tern will show itself in a curve of a higher number. As long as the 
maximum in the potential curve is sufficiently pronounced, the 
sol will remain stable. If this Tnaximiim is reduced to an extent 
comparable to the kinetic energy of the Brownian motion, then 
colliding particles wiU have sufficient energy to surpass the 
readual maximum and drop right into the minimum when they 
can ho longer separate. This scheme brings out a point that so 
far has been insufficiently considered, viz., the existence of a 
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sharp limit at which flocculation must become observable. If 
this point has once been reached, further addition of electrolyte, 
etc., must result in a rapid increase in the rate of coagulation. 

Now, when we consider Fig. 956 and again move from the lower 
numbers of the curves to the higher ones, we can immediately 
see that the answer is tied up with the concentration of the sol. 
If the average distance between the particles in the final con¬ 
centration is not more than their distance at minimum energy, 
the mass will solidify into a true gel. It must be remarked 
here that the state of minimum energy is actually reached only 
when the available fluid is homogeneously distributed through¬ 
out the whole mass. Even if we are dealing with a system where 
the average distance between particles is slightly higher than 
the minimum called for, we can still conceive of gel formation, 
since it is the shortest distance between neighboring particles^ which' 
is fixed by the minimum in the potential curve. In such circum¬ 
stances, a gel will not be stable but will reorient itself on storage 
to produce a system of minimum total energy. This can be done 
only by forming a higher particle density and expelling the cor- 
resix)nding amoxmt of fluid. This phenomenon is known as 
“synaeresis.^* 

If the distance of the particles in comparison to the miniTmmfi 
energy is large, we might assume the preferential formation of 
individual flocks (coacervation). 

The phenomenon of the isothermal sol-gel transformation 
(thixotropy) finds no completely satisfactory answer if systems 
corresponding to curves 956 and 95c are taken into consideration, 
because neither of these curves explains the ease of such trans¬ 
formation. However, Fig. 98a is in full accord with the 
experimental findin gs. In this set of curves, two miTiiTna. F and 
T develop simultaneously, being separated by an energy maxi¬ 
mum. As long as this maximum is high enough, as already 
mentioned, the minimum F is of no significance. Such a system 
toII exhibit normal gel formation and thixotropy, due to the 
minimum T. But if we reduce S too far, then the gel will change 
at a clearly definable point into a coagulated system. 

As already pointed out, this newly advanced theory must be 
taken as a further development of the van der Waals-London- 
Kalmarm theory. It therefore considers the attraction between 
particles as of predominant importance and offers new concepts 
which permit the assumption that these forces are far reaching. 
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However, it does not consider the influence of the electrolyte 
in the dispersion medium and the electrol 3 rte activity.^ 

This results in the fact that the calculated possible distances 
between the particles in a gel are still decidedly smaller than 
those actually foimd although admittedly beyond molecular dis¬ 
tances.* If, however, one considers the influence of the dispersion 
medium and its electrolyte concentration, one obtains figures 
that are at least of the same order of magnitude as those found 
experimentally. 

According to the latest theoretical concepts,® which check with 
the authors’ experimental data, one may assume that gelation 
occurs when the kinetic energy hT of neighboring particles is of 
the same order of magnitude as the electrostatic potential energy 
of particle at an average distance. If, for example, a particle 
is negatively charged, it is surrounded by a large number of 
positive ions. Their potential energy is large compared to kT. 
These ions are boimd ions, which reduce the effective charge of 
the particle. However, we must also consider those ions of 
equal sign which are suflBiciently far from the particle so that their 
energies are not large compared to kT. Their distribution is 
given by the Debye-Hlickel theory, and the forces of repulsion 
between the negatively charged prides, if calculated on this 
assumption, result in distances in accord with the experimental 
evidence. Whatever the final conclusion, it cannot be denied 
that the introduction of energy-potential curves must be con¬ 
sidered a very important step forward in the final attempt to 
offer a comprehensive explanation of the phenomenon of gelation. 

If we bear in mind the fact that repulsion not only can be 
caused by electric double layers formed through the interaction 
of disperse phase and the solute present in the dispersion mediimx 
but also can be due to electric repulsion caused by the inter¬ 
penetration of the diffuse ionic atmosphere and to the presence 
of lyospheres, this newly advanced concept seems to explain 
satisfactorily all the data so far experimentally obtained. If 
such an interpretation is accepted, the necessity of assuming the 

^ For a summary of our present point of view, see Wo. Ostwald, contribu¬ 
tion in J. Phye. Chem., 42, 981 (1938). 

« C. Hamaxtdb, Rec. trao. chim. Pays-Bas, 37, 61 (1938). 

» R. Hotjwinx, “Second Report on Viscosity azid Plasticity,” Chap. 4, 
pp. 233-237, Nordermann Publishing Co,, New York, 1938; I. LANoinna, 

Chem. Phye., 6, 873 (1938). 
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presence of thread or pearl-stringlike arrangements becomes of 
secondary importance. In a recent contribution by E. A. 
Hauser^ and D. S. le Beau it is shown that, upon careful evapora¬ 
tion of bentonite dispersions containing extremely fine particles, 
gelation occurs at a certain concentration without any specific 
geometrical alignment of the particles. However, on further 
concentration, resulting in the formation of coherent self-sup¬ 
porting solid films, one observes the formation of distinct fila¬ 
ments as a result of the particles lining up in this preferential 
form. 

This phenomenon demonstrates that the presence of thread¬ 
like aggregates or filamentous structures is not essential for 
gelation.^ Although such a structure might facilitate gelation, 
it has so far never been actually proved. The existence of inter¬ 
lacing molecular threads in gelatin, rubber, etc., is only an assump¬ 
tion.* However, the observable fact that the individual clay 
particles present in random orientation but in a high degree of 
regularity of spacing in the gel state align upon further dessica- 
tion, seems to point to a basic law in coherent film structure. 
CJoherent self-supporting films can be produced only if the film- 
forming substances possess long chain molecules or are capable 
of polymerization or condensation in chainlike fashion or if the 
individual micelles will preferentially align to form filaments if 
brought sufficiently close to each other. 

In concluding, a phenomenon recently discovered by H. 
Freundlich and F. Juliusburger^ may be briefly discussed. An 
aged concentrated vanadium pentoxide sol was made thixotropic 
so that it set to a gel in about 60 minutes. However, if the con¬ 
tainer was rolled between the palms of the hands or gently tapped, 
it solidified m about 16 seconds. Since then, this phenomenon has 
been observed by Freundlich and his collaborators in several 
other concentrated sols of highly anisometric particles. E. A. 
Hauser and C. E. Reed* were able to produce the same phenome- 

‘ J. PhyB. Chem,, 42, 961 (1938). 

* A similar conclusion had already been arrived at by W. B. Habdy, KoU. 
ZeU., 46, 268 (1928). 

* See, e.g., S. E. Shbppabd and J. L. McNally, CoU. 8ymp. Monogr., 
7,17 (1930). S. E. Shbppabd and R. E. Hottk, ibid,, 10,37 (1932). P. W. 
Btjbsb, ibid., 10,14 (1932). 

* Trans, Faraday Soo., 81, 920 (1935). P. Juliusbubobb and A. Pm- 
QUBT, ibid., 32, 445 (1936). 

* J. Am. Chm. 8oc,, 68,1822 (1936). 
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non in very dilute bentonite dispersions of extremely fine particle 
size. This permitted an ultramicroscopic study of the phenome¬ 
non, which, according to a suggestion made by Freundlich, has 
been termed rheopexy,^ Since this phenomenon seemingly 
occurs only in an extremely narrow range of electrolyte concen¬ 
tration, and since a distinct layer arrangement of the particles is 
observable, it seems probable that it is caused by a combination 
of thixotropy and the formation of tactoids. 

Finally, attention is drawn to a phenomenon that erroneously 
is often mentioned as being thixotropy, although it is the direct 
opposite thereto. For instance, if starch granules are brought 
into paste form by adding just so much water as to make a barely 
fluid mixture, we can stir the mixture as long as we do it slowly. 
Increasing speed results in increasing resistance until a seemingly 
dry mass is obtained. This phenomenon seems to be identical 
with observations first made by Osborne Ile 3 molds* on moist 
sand. He termed it dilatancy. It can easily be observed on an 
ocean beach during ebbtide. If the moist sand is trod upon, it 
becomes dry and hard and even develops cracks but upon release 
of the pressure will regain its moist appearance. 

The most recent explanation is offered by H. Freundlich.* 
According to him, the system at rest must contain particles 
independent of each other, thus permitting them to form closely 
packed sediments with a low volume of sedimentation. The 
external force ca\ises unequal distribution of the particles; they 
pile up locally, thus forming cavities in other places, which fill 
up with the liquid. If the external force is removed, the par¬ 
ticles will again repel each other and take up their original place. 
So far, dilatancy has been reported only in systems containing 
more or less spherical particles. According to the h 3 rpothesis 
just discussed, systems with anisometric particles must also be 
able to exhibit this phenomenon if the proper conditions are 
present. The most important of these are: 

1. Particles of sufficient size to permit sedimentation. 

2. The particles mjist be absolutely independent of each other 
and free to move. 

^ Derived from the Greek words pkta (reo), meaning to flow, and 
(pectos), meaning solidified, curdled. 

^PhU. Mag,, 20 (5), 469 (1885); E^aiure, 88, 429 (1886). 

» Trane, Faraday Soc,, 84, 308 (1938). 
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3. The correct relation of solid to liquid must be maintained. 

H. Whittaker^ has actually been able to produce such systems 
with monodisperse fractions of kaolin (plates) of 1 to 5ju particle 
diameter. If particle size is not one of the predominant factors 
controlling thixotropy and dilatancy, then it should be possible to 
control the characteristics of the disperse part (electrokinetic 
potential, solvation) in such a way that either one or the other 
effect appears. So far no experimental evidence is available to 
substantiate the latter assumption. 

* D. Sc. thesis, Massachusetts Institate of Technology, 1037. 
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The displacement € is closely connected with the diffusion of the disperse 
particles. 

In a horizontal tube with a cross sec¬ 
tion of 1, we have diffusion in the direc¬ 
tion of X (Fig, 99). In the time t, only 
those particles can pass the plane M 
whose distance from M is smaller than the 
average displacement f. If the concentra¬ 
tion in the plane Mi is ci, then i ^ 
particles can pass M, From the other side, 


M, ± 




M "" 2 

Fig. 99.—Diffusion, ilf. Mu 
Mt, selected planes; x, direction 


1 _L* 1 -i* seiectea planes; x, diret 

i(-e, particles can pass Af if their of diffuafoa; f, displacement, 
concentration in the plane Afs is C 2 . In 

the direction of diffusion x, therefore, i • | • (ci — cj) particles will pass M 
in the time t If $ is so small that we may write 

Cj — Cl ^ 

^ * S 

then the number of particles passing through M is 

1 


2«-(ci 


‘ ca) 




and in the time unit we have 


2 t * dx 


The number of particles passing through the cross section 1 per time 
unit is the difftmon coefficient D, if the concentration gradient dc/dx « 1. 

Since D is constant at constant temperature, we have 

y ■» const. 

The square of the average diejdacement is proportional to the time of 
observation. 

COEFFICIENT OF DIFFUSION AND PARTICLE SIZE 

According to A. Emstein, the coefficient of diffusion D of a molecule is 
inversely proportional to the fnctional r^istance E. 
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D 


M i 

N ' E 


( 1 ) 


In the case of a sphere that is moved through a liquid, we have, according 
to the laws of hydrod 3 niamics: 

E «* (2) 


From (1) and (2) we obtain for the diffusion of a spherical particle (large 
in comparison to the molecules of the dispersion medium): 


D 


RT 1 
N Qmir 


R « gas constant 8.31 * 10^ 

T absolute temperature. 

N =® Avogadro’s figure 60.6 ± 0.1 • 10»*. 

71 » coefficient of viscosity of dispersion medium, 
r * radius of spherical particle. 


OSMOTIC PRESSURE 

The osmotic pressure for true solutions can be expressed by the equation 

p » RTc 

Ry T represent the gas constant and absolute temperature; and c, the number 
of molecules per^liter. 

In the case of colloidal dispersions, or sols, we must replace c with the 
expression u/N, where u represents the number of particles per unit volume; 
and Ny Avogadro’s figure. 

Therefore we have as expression for the osmotic pressure in colloidal 
systems 



HowevdF, this refers only to nonsolvated colloids. If the colloid splits off 
ions, then the osmotic pressure must be considered from the standpoint 
of the Donnan membrane equilibrium. 

We must also consider the swelling pressure in solvated colloids. The 
latter can be expressed, according to H. Freimdlich and Posnjak,i by the 
equation 

P 

Po and K are constants; Cg is the concentration of the colloid in the gel 
ferams dry gd in 1000 cc.^ gel + liquid). The constant K has been found 
to vary between 2 to 5. 


SEDIMENTATION EQUmBRIUM 

Sedi me n t ation is counteracted by the Brownian motion of the particles. 
After sufiScimit time has dapsed, an equilibrium of particle distribution is 

1H. Pbeunblich ‘‘Kapillarchemie,” 4th ed. voL 2, pp. 670Jf., Akad. 
Verlags-Ges., Leipzig, 1932. 
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attained. The number of particles decreases logarithmically with height. 
We can apply here the same law as for changes in air pressure with height. 


h 


gM 



h « height. 

R » gas constant. 

T =» absolute temperature. 
g SI gravitational acceleration. 

M *= molecular weight, 
po pressure at zero height. 
p = pressure at height h. 

For our purpose we must replace M with the mass of the individual particle 
and substitute for the pressures the r^pective concentrations of particles. 
For spherical particles,^ the formula can now be written: 


k 


RT _, no 

g •N • tr*(s — s') n 


8 = specific density of particle. 

a= specific density of liquid. 

N = Avogadro’s figure, 
no » concentration at zero height, 
n » concentration at height A 


RATE OF SEDIMENTATION 

In 1852, Stokes demonstrated that a particle settles after a short time 
through a liquid with constant velocity. This velocity finds its mathe¬ 
matical expression in the following formula: 

^ _ 2r«(s ~ s^)g 


r = radius of particle. 

8 - density of particle. 

8^ = density of liquid. 

“ viscosity of liquid. 
g s gravitational acceleration. 

This formula does not take into account any wall effects, i.e., it applies 
only to sedimentation without appreciable particle interference. 

Particle size can be determined (assuming spheres) if s, 8\ and tj are known, 
and V is measured experimentally. 

PROBABILITY OF DISPLACEMENT 

If the kinetic theory holds, then we must assume that the probability of 
displacement of a particle from its starting point to the left or tight in a 
horizontal plane will be equaL Small displacements are more probable 
than large ones. This is expressed in Gauss’s error curve (Fig. 100). The 

^ The formula assumes monodisperse systems. It is also known as the 
‘‘hypsometric,” or “Halley’s barometer,” formula. 
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horizontal displacements are plotted as abscissas, the probability P, that 

a displacement between x and (x 4* 
dx) is obtained, as ordinates. The 
probability P is expressed by the 
following equation: 







Fig. 100.—Gauss’s error curve (prob¬ 
ability of displacement) . P, probability 
of displacement; —+»f actual 
displacements. 


represents the average of the 
squares of the medium horizontal 
displacement. 

If one has observed N displace¬ 
ments and wants to find AN, which corresponds to the displacements larger 
than xi and smaller than x^, we must multiply x with the probability and 
int^rate between the limits of the considered displacements. 


an 






g2€*d** 


Perrin and Chaudesaigues^ proved the equation experimentally, as is 
shown by the following table. 


Horizontal 
displacement 
X, microns, 
between 

X (observed) 

X (calcu¬ 
lated) 

0 to 1.7 

48 

44 

1.7 to 3.4 

38 

40 

3.4 to 5.1 

36 

36 

6.1 to 6.8 

29 

28 

6.8to 8.6 

16 

21 

8.6 to 10.2 

15 

16 

10,2 to 11.9 

8 

10 

11.9 to 13.6 

7 

5 

13.6 to 15,3 

4 

4 

15.3 to 17,0 

4 

2 


ROTAF-Y COMPONENT OF BROWNIAN MOTION 

A. Einstein was the first who connected the displacement of a particle 
in Brownian motion, particle edze, viscosity of dispersion medium, and time 
of observation in the following equation; 

*Fot detailed evaluation, see, e.g., db HAAS-LoBBim, '^Die Brownsche 
Bewegung,” F. R. View^, Braunschweig, 1913. R. Fubbth, ‘‘Schwan- 
kungserscheinungen in der Physik,^* F. R. Vieweg, Braunschweig, 1920. 
Fbbundijch, op. cit., vol 1, p. 493. 

1 Pbbbin-Lottbbmosbb, *‘Die Atome,” p. 109, T. Steinkopff, Dresden, 
1923. 
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If ^ RT * 
i S^Nijr 

He evaluated a similar equation for the rotary component of the Brownian 
motion: 

•i! 

t * AirNnr^ 

is one-third of the square of the average angle of rotation in the time t. 
This equation has also been experimentally proved by J. Perrin, t 


THE HELMHOLT2 THEORY 

The electric double layer can be considered in its simplest form as an 
electric condenser. Its potential can be expressed 

^ " O 


e » electric charge. 
d = thickness of double layer. 

D » dielectric constant of medium. 

M. von Smoluchowski connected the electrokinetic potential with the 
cataphoretic rate of migration: 

y - ^ “n-U 

^ ” E-D 

u » rate of cataphoretic migration. 
ij « viscosity of dispersion medium. 

H .= potential gradient of electromotive force. 

This formula shows no connection between migration and shape and size of 
particle. P. Debye and E. Httckel§ have amended this formula by intro¬ 
ducing a shape factor. They wrote the following expression: 



For efphereSi C *■ Jir; for cylindrical particles, C ^ 

SURFACE-TENSION MEASUREMENTS!! • 

The literature of surface-tension measurement contains numerous refer¬ 
ences to methods that are all more or less workable but of which few possess 
the desired qualities of simplicity, rdiability, speed, accuracy, and pre- 

♦ For detailed evaluation see, Fbipcfndlich, op. cU., p. 497. 
t Compt. rend.^ 149, 649 (1909). 

{The ««-TnA formula applies to Gouy’s diffuse double-layer theory, d 
represents the fictitious tMckness of the firmly attached ionic layer. 

I PhywAjoZ. 2cii., 26, 49, 204 (1924). 

I! This section is based on the Sc. D. thesis of J. M. Andreas and W. B. 
Tucker, Massachusetts Institute of Technology, 1938. See also J. M. 
Andebas, E. a. Hausbb, and W. B. Txtckbh, /. phys. Chem., 42,1001 (1938). 
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cision. An excellent general survey made by N. E. Dorsey,^ in 1936) lists 
no less seventeen methods and points out that of these only three or 
four are in common use. A full discussion of each of these methods can be 
foimd in the original papers or in the more extended texts on surface chem¬ 
istry. As a key to the literature it is well to read Harkin s and Brown* 
on the drop-weight method, Jones and Bay* on capillary rise,^ and Macy* 
on the ling method. 

The analysis of the forces acting on a static pendant drop offers the most 
versatile method of surface-tension determination. It is very rapid, uses a 
sample of Tninimnm size, gives high precision, is equally well adapted to 
ynft.Tring inteifacial tension measurements, and permits the determination of 
surface tension at any instant after a static drop is formed, without dis¬ 
turbing the surface being examined. The method is therefore particularly 
well adapted to the study of viscous or surface-active solutions or to the 
study of changes in the structure of a fluid surface as that surface ages. 
The method is independent of the angle of contact that the liquid surface 
makes with the drop-forming tip. 

The mathematical treatment of pendant drops is based upon two funda¬ 
mental relationships: The first connects the pressure difference between the 
two sides of a liquid surface with its surface tension and mean curvature. 
The second states that when the drop is in equilibrium, the vertical forces 
acting across any horizontal plane are balanced. 

2irxy sin ^ V<rg + ira5*p (2) 

where p » pressure due to curvat\ire of surface. 
y a surface tensdon. 

B and B' » two priacipal radii of curvature. 

X « horizontal distance from axis of rotation. 

4» » angle between normal and axis of rotation. 

V » voliune of fluid hanging from plane. 
tr *■ difference in density between two fluids. 
g « acceleration of gravity. 

Given an accurate profile of a drop, it is possible to calculate the surface 
tension of the liquid in many different ways by selecting various combina¬ 
tions of plan^ and by employing either equation (1), equation (2), or both. 
Experience shows that two of these methods are superior to aU the others 

* U, S. Bvireau of Standards, Set. Papers, 21, 563 (1936). 

* J. Am. Chem. Soc., 41,499 (1919). 

*/bid., 69,187 (1937). 

* The capOlary-rise method is not only the most accurate but also the 
oldest of all Imown surface-tension determinations. According to 0. 
WoiiP, Pogg. Ann. Phys., Ser. iv, 2, 550 (1857), Libbi discusses in his ^‘His- 
toire des sciences mathematiques en ItaUe,** voL 3, pp. 54, Leonardo da 
Vinci’s capillary-rise experiments. 

Chem. Educ., 12, 573-576 (1935). 
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that have been tested. The method of the plane of infection is described 
because it is straightforward and permits the calculation of surface tension 
from drop shape by simple theory. The method of the selected plane is 
given because it is the most precise and permits the routine calculation of 
surface tension with the least labor. 

The Method of the Plane of Bifiection.—A combination of equations 
(1) and (2) leads to the e^^ression 



At the plane where the profile curve of the drop passes through a point of 
inflection, R* is infinite, and \/B* is zero. Accordingly, since R is always 

X 

equal to —, equation (3) can be reduced to 
sin ^ 



The usefulness of this method is limited by the difficulty of determining 
the precise location of the plane of inflection. Note that if the location of 
the plane is estimated too high, V will be too large, R/x will be approxi¬ 
mately unchanged, and x will be too smalL The computed value of the 
surface tension will therefore be too large because of an error in both V and 
X. These two errors will act in the same direction and will augment each 
other. With good apparatus and careful technique, the results obtained 
by this method will have a probable error of less than ±2 per cent. The 
measurement of a picture and the subsequent calculations shoidd require 
about 15 minutes. 

The Method of a Selected Plane.—^The profile curves of all possible 
pendant drops form a two-parameter family and differ from each other in 
“size” and in “shape.” 

The size of a drop is most conveniently and precisely gauged by measuring 
its diameter at the equator, and the shape can be described by giving the 
ratio of the diameters measured at two different arbitrary planes. 
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li one plane is the plane of the equator, and the other is a plane whose 
distance from the end of the drop is equal to the equatorial diameter, the 
shape can be described by the ratio 


S 



(5) 


where d< is the diameter at the equator, and d» is the diameter at the selected 
plane, 

Bashforth and Adams have shown that the shape is also described by the 
dimensionless group 


( 6 ) 

where b is the radius of curvature of the drop at the point where its surface 
cuts the axis of rotation. 

Since both /S and (d«/6) are functions of the drop shape, the product 

can be expressed as a function of 8 [see table (JS vs. l/H)]. 

Equation (6) can now be solved for y and used in conjunction with the 
table for determining the value of the surface tension from a photograph 
of a pendant drop. 


gvb* _ gar(df)* _ g<r{dty 


( 8 ) 


Equation (8) is exact and convenient to use. Its precision depends upon 
the accuracy with which the linear measurements are made and upon the 
labor expended in determining the value of H as a function of 8. The 
method is a primary standard if JET is computed from the differential equa¬ 
tion of the surface; it is a secondary standard if IT is determined by calibrat¬ 
ing the method s^ainst drops of a pure liquid of known surface tension. 


SiJaPliB OALCTJLATIOKr 

Surface Tension of a Pendant Drop by the Method of the Selected Plane 
(Carbon tetrachloride in air at 25.0^0.*, surface 15 seconds old) 

Density of CCI 4 . 1.586 grams per cubic centimeter 

Density of air. 0.001 grams per cubic centimeter 

Effective density, a . 1.584 grams per cubic centimeter 

Diameter of drop at equa¬ 
tor d«. 0.228 cm. 

Diameter of drop at selected 

planed*. 0.224cm. 

S » d,/d* « 0.224/0.228 » 0.982 
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Abithmetic Tabttlation of H-S Funcjtion fob Pendant Dbops 

1 


S vs. 




'B 


(pi ^ P^gde^ 


Inteipolation is unwarranted 
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From the table 1, 1/H “ 0.321 

T - - (0.321)(980.4)(1.684)(0.228)* 

XZ 

= 26.0 dynes per centimeter* 

Experience shows that if the linear dimensions of a drop can be measured 
with a probable error of not more than ±0.1 per cent, this method will 
give values for the surface tension that have an uncertainty of about ±0.5 
per cent. Measurement and calculation require about 5 minutes per 
picture. 

Experimental Equipment—^The method of pendant drops is recom¬ 
mended as a general method of high precision for the measurement of either 



surface tension or interfacial tension. Since the method is new, and success 
is to a large extent dependent upon overcoming a number of experimental 
problems, it seems worth while to point out certain features that are essen¬ 
tial if the apparatus is to give optimum results. 

The principal parts of the optical system are a light source, condensing 
lens, thermostat chamber, microscope lens, telocentric stop, shutter, and 
phot(^raphic plate. An excellent monochromatic light source can be 
obtained by using a G.E., type H3, 85-watt, high-pressure, mercury-arc 
lamp in combination with a Wratten 77A filter. The thermostat chamber 
should be totally enclosed to prevent the loss of liquid by evaporation and 
should be capable of maintaining any desired temperature within ±0.05^0., 
since both solubility and surface tension change with temperature. A 
standard microscope objective of 48 mm. effective focal length is quite 
satisfactory, provided that it is fitted with a 1- or 2-mm. telocentric stop. 
This stop is quite necessary, since an error in perspective is introduced 
imlftRg the drop is viewed by light traveling paralld to the optical axis. 
Glass plates are required if difficulties due to paper shrinkage are to be 
avoided, and their size depends upon the method by which the measurements 
are to be made. • Plates as large as 5 by 7 inches may be required if measure¬ 
ments are to be made by comparison with an ordinary scale; they may be 
as small as 2 by 2 inches if some sort of travding microscope can be used. 

Droi>-forming tips can be conveniently made by welding short lengths 
of 2-mm. pyrex tubing on standard li-cc. hypodermic syringes. Inters 

* The International Critical Tables, vol. IV, p. 447, give for the surface 
tension of carbon tetrachloride 26.77 ± 0.1 at 20^0. and 25.53 ± 0.1 at 
30 *^ 0 . 
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facial-tension measurements require a set of tips of different diameters if the 
drops are to have a convenient shape. Diameters ranging from 20 to 
0.2 mm. may be required in exceptional cases, and the correct size is readily 
foimd by calculation or by trial. Eectangular cuvettes built of optically 
flat glass are available in a variety of shapes and sizes through the Research 
and Development Company of New York City. 

Results.—A series of pictures which were made during the aging of a drop 
of soap solution is reproduced as an illustration of the sort of results that are 
obtainable with this method. Note that as the drop ages and its surface 
tension decreases, the drop becomes less spherical, and the shape parameter 

CHANGE OF DROP SHAPE AND SURFACE TENSION WITH AGE 


0.025% SODIUM STEARATE IN WATER AT 25® C. 



AGED 10 SECONDS AGED 60 SECONDS AGED 120 SECONDS AGED 1800 SECONDS 
S-0.787 7*71.9 S-0.818 7*582 8*0228 7-54.4 S*0.849 7*392 


S increases. The density and volume of the drop remained constant 
throughout the period during which the pictures were made. 
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THE GIBBS FORMULA 

J. Waiard Gibbs^ was the first to deduce from thermodynamic prin¬ 
ciples the relationship between the effect of a dissolved substance on the 
surface tension of a liquid and the change in concentration in the boundary 
layer. He derived the following expression: 

^ Trane. Conn. Acad. Sd., 8, 228, 391 (1876). 
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U 


c ^ 
RTd^ 


U « excess of substance in surface layer, 
c « concentration of substance in bulk of liquid. 
a n surface tension. 

R « gas constant. 

T * absolute temperature. 

This equation shows that a substance which reduces surface tension must 
concentrate in the surface and that one which increases it will migrate 
from the surface into the bulk of the liquid. It also explains why reduction 
can be appreciable; increase, however, not. 


BOEDECKBR’S ABSORPTION FORMULA 

Gibbs and J. J. Thomson have evaluated the following principle of 
adsorption: 


a - ~/(T, c • 


>(S)” 


We have positive adsorption if the surface tension decrea^ with increas¬ 
ing concentration. 

If we now combine Gibbs’s equation =» with Freundlich’s 

empirical formula for surface tension 


vjhr (fL 


S ' 


vM — surface tension of solvent. 

<rL « surface tension of solution. 

8 « constant. 

1 /n « constant (approximate 0.7). 
and differentiate the latter, we obtain 

1 1 
a — ac” * 


known as the Boedecker, Wilh. Ostwald, and Freundlich empirical adsorp¬ 
tion isotherm. 

If we differentiate Szyszkowszki’s^ equation 



is and i are constants and, introduced into Gibbs’s equation, give us 


a 


j3o 

c H- i 


which corresponds to Langmuir’s equation. 

* For a detailed evaluation, see FBBi7in>LiCH, op. pp. 82j(f. 

^ Fkbundlich, op. ci^. p. 76; see also Zett phyHkal. Chem,, 64,386 (1608). 
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THE ADSORPTION EQUATIONS OF WO, OSTWALD AND 
R. DE IZAGT7IRRE 

So far, all theories have entirely neglected the fact that it is not only 
the solute but also the solvent that is adsorbed. Wo. Ostwald and R. de 
Izaguirre,^ basing their work on Boedecker’s equation, have given this defi¬ 
ciency theoretical consideration and have derived the following equations: 

1. The solvent is directly adsorbed: 

-(c, - c) » ic»(100 - c) - r(100 -«)“•« 
m 

2. The solvent is adsorbed owing to solvation of the solute: 

—(co - c) - faKlOO - c(l + *(100 - c/)] 
fn 

3. Adsorption of the solvent is a result of both of the forgoing reactions: 

-(Co - c) = fcc«[100 - c(l + *(100 - cV*)] - 1(100 - c)* • c 
fn 

N « amount of solution at start in grams. 
m = amount of adsorbent in grams. 

Co - concentration of solution prior to adsorption. 
c « concentration of solution after adsorption in weight per cent. 
k, If Of ^ constants. 

KROEKER^S EQUATION* 

The relation between adsorbed amoimt and amount of adsorbent m, 
niMiinniTig a constant initial concentration of the substance A to be adsorbed 
and constant volume of solution v, is expressed in Elroeker’s differential 
equation 


If it is integrated, we obtain 


£. 

m 


a - ±:(l - e-*~) 


This has been amended by Preundlich* to read 



^KoU, ZeU., 80, 279 (1922); 32, 67 (1923). See also A. v. BuzXgh, con¬ 
tribution in A. Kxthk ^‘Kolloidchemisches Taschenbuch,” pp. 216^., Akad. 
Verlags-Ges., Leipzig, 1935. 

* See Wo. OsTWALD, KoU. ZeiL, 48, 249, 268 (1927). 

• Op. cit., pp. 249#. 
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V =» volume of solution. 

X amount adsorbed by m. 
a, 1/n = constants. 

RESIDUAL VALENCY THEORIES 

F. Haber^ must be credited as the first to assume adsorption to be the 
result of an \msaturation of valencies of surface atoms. H. Freundlich* 
deduced that the force of adsorption must be very weak and much weaker 
than the influences between molecular compounds. 

This concept was further elaborated by I. Langmuir.* He derived the 
following adsorption isotherm: 


a 


No I5ji 
N 


No — total number of residual valency points per square centimeter. 

N « number of saturated residual valencies per square centimeter. 

At — number of mols per second of adsorbable substance that impinge on 
1 sq. cm. of adsor'>ent. 
iS = constant. 

Since /a must be proportional to Pt we can rewrite the equation 


a 


1 +fi'p 


p — pressure at equilibrium. 

X — & constant depending on the adsorbents. 

This equation demands full saturation of the adsorbents. 

GYEMANrS CHEMICAL INTERPRETATION OF ADSORPTION 



a 


Nq/N molar surface density of residual valencies. 

C = concentration of substance to be adsorbed in solution. 
a » adsorbed amoimt. 

(No/N — a) = molar density of area of stiU unsaturated residual valencies. 
K » equilibrium constant. 

^ Zeit, Elektrochem., 20, 521 (1914). 

* Op. ci^., pp. 19Qff- 

Am. Chem. Soc., 40, 1361 (1918). See also Gtbmant, ^^Grundztlge 
der KoUoidphysik,” F. R. Vieweg, Braunschweig, 1925. Pattli-Valko, 
**EIektrochemie der Kolloide,” Julius Springer, Berlin, 1929. E. HAckbl, 
Adsorption und Hapillarkondensation,’’ Akad. Verlags-Ges., Leipzig, 1928. 
A. Kuhn, '^KoUoidohemisches Taschenbuch.’’ Akad. Verlag^Ges., Leipzig, 
1935. 
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If solved for a, this equation reads 


a 


C 

^ 'N 


If we now substitute x for N<,/N, p for 1/K, and p for C, we again have 


CC 


1 +/?p 


or Langmuir’s equation. 

This is not surprising, since Gyemant applied the simple mass-action law 
to his derivation, and Langmuir’s isotherm represents nothing else but the 
mass-action law of the surface reactions. 

RATE OF COAGULATION 

According to M. v. Smoluchowski,^ the rate of coagulation is defined as the 
decrease in number of kinetically uniform particles present in a unit volume 
of sol per unit of time. 

On the basis of probability calculus, he evaluated the following equation: 
+»«+».+ •• • - 

total amoxmt of kinetically independent particles in a unit 
of volume at time t after coagulation has set in. 
number of originally present free-moving primary particles, 
amount of primary, secondary, or tertiary particles 
present at time t. 

where D » coefficient of diffusion. 

r » radius of the sphere of attraction. 

V. Smoluchowski termed the time necessary to coagulate one-half of the 
original amount of particles coagulation time” T, 

Vo _ Vo 

2 “ TTW 

0 43rDrvo 

Tbds means that the coagulation time depends only on original concentra¬ 
tion, coefficient of diffusion, and sphere of attraction, i.e., particle size. 
However, such an assumption seems justifiable only if one assumes that 
every collision between two particles results in permanent cohesion. This 
will be the case only in rapid coagulation. Furthermore, the equation 

^Physikdl, ZeU,, 17,557, 585 (1916); ZeU. phy^iM. Chem., 92,129 (1917). 


where 'Zv «= 
Vo =* 

»1, Vf, . . . » 
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accounts only for coagulation of monodisperse systems. The particles must 
be entirely discharged. However, we know that, particularly in the case of 
lyophobic sols, coagulation is noticeable before the system has reached the 
isoelectric point, i.e., before the particles are fully discharged and are still 
surrounded with a solvated layer. Permanent cohesion of particles will 
depend on their kinetic velocity and their ability to break through the 
stOl existing solvated shell and sphere of repulsion. This phenomenon is 
known as slow coagulation.^ In the v. Smoluchowski equation, this can be 
expressed by inserting a correction factor e, which represents the proportion 
of colMons leading to cohesion. 

IT « i = 1 

ciS t4^l^DrVfi 

With increasing electric charge and/or solvation, c must decrease. 

The coagulation of polydisperse systems has been evaliiated by H. 
Mtiller:* 





No original number of large particles. 

Nt “ total number of large particles at time L 
nt « total number of small particles at time t 
Tno " coagulation time of large particles. 

R — radius of large particles, 
r s radius of small particles. 

Vn *= No/no; no * original number of small particles. 


X - 

2Vr " 


Vr 


R 

r 


This theory assumes that the large particles act as center of coagulation 
for the smaller ones. However, it has been proved that the small particles 
can detach themselves again, owing to their thermal movement. This is 
the basis for fractional coagulation,’ i.e., the phenomenon that upon addi¬ 
tion of smiJl quantities of electrolyte to polydisperse systems we fbrst 
coagulate only the coarse particles. One of the few known industrial 
applications of this phenomenon is the production of pure white crepe 
rubber (bridal v^, corset crepe) from rubber latex. The yellowish color of 
crei>e rubber is caused by some ondation of one of the components of 

^ See H. FbbxtndiiXOB and N. Tshizaka, K(^. ZeU., 12, 230 (1913) and 
FreundliidL’s book Colloid and Capillary Chemistry,” Methuen & Co., 
Ltd., Lcmdon, 1926. 

’ KoH ZeU., 88,1 (1926); JK'oB. BeiK 27,223 (1928). 

*See, «.g,, Svbn **Der kolloide Schw^el,” Akademische Buchdru- 
ckerei, Upsala, 1908. A. v. BuzIgh, JToK. ZeU,, 51,105 (1930). 
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natural latex, which remains in the serum or attaches itself to the smaller 
particles if coagulation is carried out very carefully. 

STOKES* LAW 

W dnnjr 

W = resistance to shear. 

17 » viscosity coefficient, 
r » radius of a spherical particle. 

VISCOSITY EQUATIONS OF A. EINSTEm AND E. HATSCHEK 
For concentrated emulsions, Hatschek^ devised the following equation: 

iL ._ 1 _ 

170 (1 - 

where <p is the proportion of disperse part to the entire volume, and 170 
the viscosity of the continuous phase. 

Einstein* derived the following equation: 

1 -1+fc*) 

VO 

where k is a constant depending on the shape of the particles. For spherical 
rigid particles, k « 2.5. 

V. Smoluchowski* amended this equation for systems in which the par¬ 
ticles still carry an electric charge (electroviscous effect): 

D » dielectric constant. 

X conductivity. 

t « potential of double layer (electrokinetic potential). 

The dectroviscous effect will be the more pronoimced the smaller the 
particle and the conductivily and the larger the potentiaL 

STAUDINGER*S VISCOSITY EQUATION 

According to H. Staudinger,^ there exists a correlation between molecular 
weight and viscosity of solutions of threadlike macromolecules. 

•2. - 1 + eMK 

VO 

c » concentration. 

M «= molecular wei^t. 

K =» factor depending on substance and solvation. 

Zeit., 8, S4 (1911). 

* Ann. Phya., 19, 289 (1906). 

^ KoU. Zeit., 18, 194 (1916). 

^Ibid., 51, 71 (1980). 
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EISENSCHITZ’S VISCOSITY EQUATION 

R. Eisenschitz^ calculated the viscosity of very long particles: 

5"o ^ ^16(ln 2f - t) 

/ a= proportion of axes of the eUipsoidic particle. 

Both these equations account for an increase in viscosity with increase 
in length of particle. 

VON BUZAGH’S derivation op adhesion forces 

If we can determine the size of the particles that just barely adhere to 
the base plate, we can evaluate the adhesion force. 

If p is the attraction force acting on a unit area (specific adhesion), then 
the effective force for the projection of a spherical particle must be 

irr*p 

With particles that are just about to fall, this must be equal to the weight 
of the particle, or 

rr*p « ♦rVCCi. — C)g 

where Ci * density of the particle. 

C = density of dispersion medium. 
g « gravity. 

The attraction force can be similarly calculated from the adhesion 
angle x: 

vr*p » irhr{Ci — C)g sin x 

(The specific adhesion for quartz suspended in pure water was found to 
he a few tenths of a dyne per square centimeter.) 

the theory of x-ray diffraction* 

What are x rays? They are dectromagnetic waves. So far, we have no 
xeal concept of an electromagnetic wave. However, there is one type of 
wave with which all of us are familiar, one that all of us have seen produced 
and followed, viz., waves on a water surface. If we throw a stone into a 
smooth surface of water, we know that it will cause a ripple or wave on the 
smooth surface, the ripple moving outward in the form of a ring. We 
notice that a series of ripples follows the first one, which is due to the vibra¬ 
tion of the water caused by the impact of the stone that was thrown on 
the smooth surface. As these vibrations fade out, the ripple movement 

* ZeU. physikaL Chem. (A), 168, 133 (1933). 

* A large part of this section and the illustrations are based on R. Brill^s 
masterly contribution ‘‘Erforschung der KoUoide mit Rfintgenstrahlen,^’ 
in H. Bbchholu “Einftihrung in die Lehre von den KoUoiden,” T. Stein- 
kopff. Dresden, 1934. 
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becomes weaker; and if a cross section were made through that surface, we 
should obtain a picture somewhat like that schematically shown in Fig. 
101 a, where we see that the first wave or ripple is strong, the following ones 
fading out as the vibrations cease. This is generally known as a dampened 
wave. A wave length in this case would be the distance from one peak to 
the next. The wave length is usually designated by the Greek letter X. 

Those wave lengths, however, are not uniform; as the vibration changes, 
the wave length will also change constantly. If we now tie a string to the 
stone, drop it into the water, and pull it up again and repeat this move¬ 
ment at equal time intervals, we shall produce a wave where no dampening 
takes place, because we always produce a new impact. We obtain an 
xmdampened wave where the wave length is uniform, depending only on the 
time intervals at which the stone is dropped in and pulled out (Fig. 1015). 
The wave length can be changed at will; the faster the movement is per¬ 
formed the shorter the time interval between two impacts, and therefore 


UNDAMPENCO mVE 

h 

'Water waves. 

the shorter the wave length. If the time interval is increased between two of 
those impacts, then the wave length will become larger. If a uniformity 
is maintained in this impact motion, then the wave lengths should also be 
uniform. 

This explanation is about the simplest to demonstrate an ordinary wave. 
We have every right to assume that the light waves behave very similarly. 
The cause for the light wave is the disturbance of the surrounding medium 
due to the vibration of material particles. We know that temperature or 
heat causes increased vibration of molecules, which can be considered as 
those particles, and that this increased vibration will cause a disturbance of 
the electromagnetic field suiroimding them. The main difference here as 
compared with the water picture is that in the latter we were dealing with a 
plane surface, a maximum, of two dimensions conodng into the picture, 
whereas in the case of the disturbance set up by the vibration of those 
material particles in the electromagnetic field this will take on a tridimen- 
monal aspect. In other words, the waves that we have seen move along on 
water two ditnensionally will move out into ^ace in three dimensions, and 
instead of obtaining circles we shall obtain in the latter case waves of 
spherical shape. 

Therefore, we can postulate at this point that the electromagnetic wave 
is a wave motion of spherical extension into space. Depending on the 
length of those waves caused by different disturbances, we can distinguish 
between different types of wave mechanisms. If we are dealing with 
extremely long waves, they are not directly visible to our eyes. However, 
these long waves become noticeable to us as heat waves, the feeling of 



DAMPENED WAVE 


a. 

Fia. XOl. 
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warmth being given off by the subject emitting such waves. Thus, long 
before we can see a glow caused by increased temperature of, let us say, a 
piece of metal, we can feel that it is becoming hot. Here, waves of fairly 
long wave length are being emitted. If we come into somewhat shorter 
ranges, we shall produce light and actually see the effect. If we carry on 
and decrease the wave length further, our eyes will again fail to register, 
because we have then entered the range of ultraviolet radiation where 
wave lengths are so short that our eyes cannot perceive them or feel them 
directly. Going still further down and reaching wave lengths of only a few 
AngstrSm units (1 AngstrSm unit = 1 A = 0.00000001 cm. lO”® cm.), 
we have then reached the range of what today is known as ih.e x-ray range 
of the spectrum. Such waves are so short that one cannot assume them 
to be originated by an increase in temperature. If one were to calculate 



Fig. 102a. 

Fig. 102.—^X-ray diffraction. 1, 2, 3, 4, crystal lattice planes; a, 6, x-ray 


the temperature needed to produce wav^ of such shortness, the tempera¬ 
ture would be so excessive that, first of all, one could not produce the 
temperature, nor could anything exist in such temperatures. Therefore, 
such short waves are produced by an entirely different mechaiusm. They 
are caused by the imx)act of extremely fast-moving electrons on to a solid 
surface. This is the principle of the x-ray tube, where electrons are. shot 
out from a piece of metal (the cathode) on to what is known as the anti¬ 
cathode, X rays being emitted from there. 

If we look at a highly polished metal surface or at a very smooth paint 
coating in ordinary light, we shall say that this surface, or coat, reflects the 
light to a greater or less extent. If, instead of this highly polished or 
glazed and smooth surface, we use Ihe surface of paper, we are obliged 1x) 
admit that the actual reflection of light is no longer so strong as it was on the 
polished steeL On an ordinary sheet of writing paper, we note that the 
light reflection is very small indeed and that the surface has a somewhat dull 
appearance. Looking at a polished metal surface under the microscope and 
then doing the same with the paper surface, we discover immediately that 
there is a considerable difference in texture. Whereas the highly pohshed 
metal will even under comparatively high nucroscopic magniflcation show 
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a more or less smooth surface, the paper will show up a noticeable degree 
of roughness. If the irregularities of that surface are measured, we find 
that they are weU over Ip. At the moment when the range of roughness 
and uneveness is less than about 0.5p, we shall obtain highly glossy, reflect 
ting surfaces, because the average wave length of normal light is some¬ 
where around 0.5p. Therefore, any unevenness that is smaller in dimensions 
than that wave length will reflect ‘&e light. 

We have said that x rays have extremely short wave lengths, so it is 
natural for an x ray not to be reflected by this material. It will also not be 
reflected by a perfectly smooth glased surface, unless the imevenness or the 
discontinuities of the surface are again such that they are small in com¬ 
parison to the wave length of that t 3 rpe of radiation. To obtain a reflection 
of an X ray, it becomes evident and Ic^cal that some material is needed that 



Fig. 1026. 

beams; B, C, D, F, lattice points; d, lattice-plane distance; reflection angle. 

exhibits discontinuites in about the same range of Angstrom units as the 
wave lengths of the x rays. Here nature has given us a perfect tool to 
work with—^the crystals. We are dealing here with a piece of matter made 
up of individual atoms of the elements forming that tyj^ of compound, so 
spaced that the discontinuities between them lie roughly somewhat bdow 
the range of applied x rays, i,e., around 0.3 to 0.1 mp, or from 3 to 1A units. 

There is another very noticeable difference in the behavior of ordinary 
visible light and x my. Viable light, if it is not reflected, will not penetmte 
the surface very deeply but will be absorbed, whereas x rays have the 
property of penetrating through matter to fairly considemble depths. This 
is important, because if we look at a crystal, for example, it may have a 
rough and unevexi surface ^d stfll give a fairly satisfactory x-my pattern, 
since the x my will penetmte'through the surface into the interior structure, 
as we shall see later. 

In Fig. 102a, we have dmwn schematically a series of lattice planes.^ 
Thus, lines i, 2, 3, and 4 correspond to what we today call latHce planes. 
We Msume t^t a parallel beam of x mys enters in the dhrection of the arrow 
, A ciystal is considered to be made up of a series of planes in which the 
diffei^t atoms are located and held together by cohesion forces. 
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A^ the location of the individual rays being marked by the dotted lines a, h. 
To show the wave characteristic of that x ray, a wave line is drawn to give 
an idea as to the wave length of the particular x ray used. The x ray 
strikes the first lattice plane at J? and is partially reflected on the drawn 
line a in the direction of E. The rest of the beam passes through the first 
plane and reaches the lattice plane 2, is reflected again in the drawn line a 
in parallel direction to the reflection of the first plane, ^d so on. But we 
also consider the ray h coming in parallel to a and striking the lattice plane 
at F. This ray would reflect here, but it has been purposely omitted in the 

picture to avoid complication. ... 

That part of the x-ray beam which has not been reflected will hit plane 2 
at C. Here, again, we obtain a reflection, and that is shown in the wave 
form by the dotted line b. Continuing to plane 3, we meet at D and here, 
again, receive a reflection. Looking at this picture carefully, we see that the 
reflection of the h beam meets the reflected a beam in J5, for instance, but in 
a reverse wave direction, with the result that those two waves will com¬ 
pensate each other and, optically speaking, will extinguish each other. 
Therefore, in the case shown, we shall obtain no reflection of x rays worth 
mentioning. This phenomenon is known as compensation by interference. 

Let us continue to the next picture (Fig. 1026), which is dmwn to the 
same scale as the first. We have planes 1, 2, 3, and 4 and likewise the 
x-ray beams coming in from A and being diffracted in the direction of E. 
The only difference between this picture and the former is that here an 
X ray has been chosen which has only half the wave length of the one in the 
first picture. Furthermore, here one lattice distance corresponds to one full 
wave. Li this case, beam 6 reaching C is so reflected that now, because 
of the shortening of the wave, it will not compensate but coincide with 
the reflection of a, with the result that both reflections synchronize and 
reinforce each other. This phenomenon is known as reinforcemerU 
by interference. 

On looking at the picture^ again, we see that a reinforcement is possible 
only if the dikance CB corresponds to one wave length of the x-ray beam or 
to a strmght multiple of it. Therefore, B€ corresponds to n wave lengths, 
orn • X. We can simplify and generalize by replacing the distance BC with 
the reflection angle 9 and the distance d between two of those lattice planes. 
In the rectangular triangle BCD, BC/BD « sin Since BC =* n • X, 
n being an int^er, BD must equal 2d, From these data we can write 
the fundamental law of reflection 

n « 2d sin ^ 

For example, if a beam of monochromatic x rays (x rays of one uniform 
wave length) enters a slit and impinges on a crystal, a photographic plate or 
fluorescent screen having been placed in the proper location beforehand, a 
reflection is made on the screen from that crystal With ordinary light the 
crystal can be turned aroimd axis A, and a picture obtained of the slit on 
the photographic plate or screen (Fig. 103); only the location of the slit on 
the screen will move as the crystal is turned, producing different angles of 
reflection. If the equation resulting from these simple schematic draw- 

^ The picture as drawn is a special case 9 ^ 45 deg. 
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ings holds good, we should not be able to obtain a constant picture of the 
slit as the crystal is rotated about axis A when using x rays, because only 
certain angles of reflection will fulfill the equation. In carrying out such an 
experiment, we find that we get a line where n *= 0, 1, 2, 3, etc. (Fig. 104), 
but no picture at all where n is 0.5, 0.6, etc. Knowing the wave length of 
the monochromatic beam and the an^e B, which can easily be determined, 
we can find the orientation or location of atoms in a cr3n3tal by using 
the law of reflection. By knowing the wave length of the x ray and by 



knowing we can easily determine d, 
which would be d =* nX/2 sin B. 

A schematic drawii^ of a cross section 
through a sodium chloride crystal is given 
in Fig. 105. The white circles denote 
sodium; and the black, chloride atoms. 
It will be seen that there are diflerent D% 
depending on how we look at the crystal 
The more complicated the crystal 
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Fig. 103.—^Light reflection by Fig. 104.—^X-ray diffractions on 
crystals. 8^ slit; C, crsrstal; A, screen, 

axes of rotation; Zr, screen. 


becomes the more probability there will be for D's. By carrying out a com¬ 
plete x-ray analysis of a crystal, a number of measurements will be obtained 
that will give the different D's present in such a crystal; this suffices to per¬ 
mit an evaluation of the orientation or the alignment of the various atoms 
present in such a structure. 

It is unnecessary to carry such an analysis very far, because it will be 
found that certain units repeat each other in crystals. When a diffraction is 
taken from several angles, a full story is presented of the ultimate unit. To 
define the crystal, only that unit is needed which will repeat itself over and 
over again, ABCDEFGH in Fig. 106. 

With the aid of what has been demonstrated so far, we should be able to 
calculate fuUy the location of the atoms making up such a unit cell. It is 
then ea^y to calculate the number of unit cells maldng up one small or large 
crystal Moreover, we are today in a position to determine the type of 
atom actually present in one location or another by the intensity of reflec¬ 
tions in the different planes. This method has opened an entirely new field 
of research, and the results of crystal-structure research of today are based on 
this discovery. 

However, this method, theoretically developed by M.'v. Laue and proved 
experimentally by his collaborators Friedrich and Knipping, necessitated 
w^-grown and well-defined crystals to work with. Therefore, v. Laue’s 
method was of no direct value to the colloid physicist. But soon after 
V. Laue’s discovery, P. Debye and P. Scherrer developed a method that did 
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permit structural studies, even with the substance available only in the form 
of a fine powder. They reasoned as follows: If a crystal is groimd to an 
extremely fine powder, it can be assumed that the powder has the crystal 
particles present in absolutely random arrangement. If the powder is 
subjected to a parallel monochromatic x-ray beam, it can be assumed that 
the many lattice planes present will lie in all the angles called for by the 





/ 
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Fio. 105.—Schematic cross section through sodium chloride crystal. 



Fig. 106.—CSrystal structure. unit or elementary crystal. 

equation. If in one cubic millimeter we can place 1000 million crystals of 
cubical shape ci 1 ji edge length, which is not beyond colloidal dimensions, 
there exists great probability that all angles which will give us an x-ray 
diffraction wifi be represented. Apparently by the general rule of dis¬ 
orientation it is highly improbable that any possible an^e will not be fuHy 
represented and the equation fully satisfied. 

All rays reflected from a given lattice into different directions must have 
the same an^e with the x ray. Therefore, Debye and Scherrer decided on' 
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the following scheme (Fig. 107): An absolutely parallel x-ray beam R was 
stopped with a slit S, so that only an extremely thin pencil of parallel x-ray 
radiation entered the cylindrical chamber In the middle of the chamber 
the powder P was placed, either in the form of a compressed little stick 
cemented with glue or in a tiny, very thin parchment-paper sack or an 


F 



Fig. 107.—Debye-Scherrer x-ray diffraction method. R^ x-ray beams; St stop; 
Ct camera; P, preparation; P, photographic film. 

exceptionally fine glass capillary. According to the conclusion and the 
demands of the equation, the reflections from here on must lie on a cone 
(shown by dotted lines). In Fig. 108, we receive a somewhat clearer picture. 
A certain number of crystals will reflect to cause a reflection at A, whoreas 
others will lie so as to permit a reflection at B, etc. In a random orientation 
of crystal planes, a perfect and well-defined circle should result. Figure 109a 
shows a drawing of this effect. The cylindrical chamber with the sub- 



Fio. 108.—^X-ray diffraction of crystal powder spe^men. 6, an^e of reflection; 

At Bt points of reflection on film. 

stance to be x-rayed is shown, the latter in the exact center, and a photo¬ 
graphic film placed around the chamber (P, Fig. 107). ’Where the x-ray 
beam passes clear through the cent^, called the equator, there is a black 
spot. Each of the rings correi^onds to one an^e of diffraction. If this film 
were cut open and laid flat, it would present a picture similar to Fig. 1096. 

Some time later, an improvement was made by Hull in rotating the crystal 
for the purpose of increasing the probability that all planes would be present 
in the right angle of reflection as demanded by the equation. 
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The Debye-Scherrer method has revealed other interesting facts. If we 
investigate matter with a preferential orientation in one direction or the 
other, we note that the plain concentric rings will be broken and show 
typical increases of intensity at certain points. This denotes the presence 
of preferential orientation, because only a certain angle is available for 
reflection. Since such a type of pattern was originally found in cellulosic 
and other fibrous matter, such a pattern is generally known as fiber diagram. 
The type of orientation can be determined by the location of those intensity 
spots, because every point on a circle corresponds to a location of the plane 
in the actual cr 3 rstal. But the Debye-Scherrer.work has shown something 
of still greater importance. If we take a Debye-Scherrer pattern of a 
substance of known lattice structure powdered to microscopic size, we shall 
obtain a very precise ring picture of the x-ray interferences. If the sub¬ 
stance is futher comminuted, thus permitting no change in the substance 
to take place, and an x-ray picture is again made, the interference bands 



a b. 

Fig. 109.—Debye-Soherrer diflraotion patterns, a, film in camera; 6, film 

unfolded. 

or rings will be foimd located in practically the same spot, but their 
sharpness will have noticeably diminished. If dismtegration is continued, 
the sharpness will be less and less. An explanation is easy: To obtain a 
perfectly sharp picture, a maximum remforcement is needed; and for that 
maximum, there must be a sufficiently large number of planes, one lying 
behind the other. If matter is broken up or disintegrated, such particles 
will split up, and the number of planes per unit particle will diminish 
accordingly. Whereas the coarse matter perhaps had 10 planes, lined one 
behind another, and the reflection received an enormous amount of reinforce¬ 
ment, in the medium range it was broken down to only 5 planes, and the 
intensity of the remforcement was less; and consequently the sharpness of 
the interference bands also, but the location was the same for the given angle. 
If only two planes remain to give reinforced interference, then the sharpness 
will be very materially reduced. 

This procedure offers an inaccurate, but nevertheless not-to-be-neglected, 
method of determining particle size of dry materials in a range where the 
microscope completely fails and where the ultramicroscope, although 
making the particles visible, is incapable of permitting an actual determina¬ 
tion of particle ^e. Best results have been obtained in measurements 
between 1 and 100 mjti. This is one case in which the colloid chemist can be 
very materially interested. The only difficulty is that we must have the 
material in a fairly concentrated form, and in dealing with a very dilute sol 
this method is naturally inadequate. 
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amorphous ring present in the unstretched condition specific intensity 
mflYima. on the different circles (Fig. 110c). This is a typical fiber diagram 
showing that matter has been oriented in a preferential direction. By 
certain calculations we can find that this orientation is in the axis or in the 
direction of stretch. A pattern is now obtained that in its general make-up 
corresponds to the patterns received from cellulose without any treatment 
of the cellulose fiber. The cellulose is in a preformed oriented condition, 
whereas the rubber needs the stretch to show orientation. 

Before the first x-ray work on rubber became known (J. R. Katz and K. 
Bing,^ E. A. Hauser and H. Mark),* L. Hock* had already shown in a much 
simpler way that rubber if stretched changes into a fibrous structure in 
comparison to its unstretched condition and predicted the x-ray fiber 
diagram for stretched rubber. He took a piece of smooth crude rubber, 
immersed it in liquid air, and, after the piece was thoroughly frozen, shattered 
it with a hammer. It broke into irregular pieces, with sharp and clear-cut 
edges. Then he stretched another piece several hundred per cent and 
immersed it in stretched condition in the liquid air. Upon being shattered, 
this piece broke in a fibrous, feather-edged fashion, proving that some 
orientation of the building units had occurred during stretch. On looking 
at the pattern of ceUtdose, we find that it denotes the presence of some 
crystaUine matter in the fiber and, furthermore, that this cr 3 rstalline matter 
must be present in a very definite arrangement; otherwise only concentric 
lings would be obtained and not a pronounced fibrous diagram characterized 
by the intensity maxima distributed over the ring peripheries. This does 
not mean that all the cr 3 ^stals forming the cellulose must be absolutely 
equally distributed. A comparison mi^t be the same as when holding a 
few dozen pencils together in a bundle, some having their points up, some 
down; the names of the firms of some will show to the right, whereas others 
will show on the other side, etc.; they will all be parallel to each other, but 
their rotation around the main axis can be quite different. The x-ray 
pattern offhand denotes only a parallel orientation. We must make use of 
other points of the pattern to describe the exact way in which they are 
located. 

The structure obtained with cellulose is known as a simple fiber structure, 
or diagram. If the diagram is evaluated in detail, further information can 
be gained as to the size of the elementary body or cell, which always repeats 
itsdf. Once this is calculated and the specific weight of the cdlulose known, 
we have a good basis for further calculations. The weight of the atoms 
forming cellulose is known, since the chemical analysis for c^ulose was 
establif^ed many years ago. Therefore, if the weight of the elementary 
unit is known, to be figured from the weight of the atoms, we calculate 
X in ihe formi^ 

angew. Chem,, 88, 439 (1926); Gummi^Ztg., 89, 1664 (1926); KoU, 
ZeU., 88, 300; 87, 19 (1925); Naturw,, 30, 410 (1926). 

*Koa. Be£h^ 22, 63 (1926); 28, 64 (1926). ZeU. BhUrock&m,, 82, 463 
(1926). 

» 6umm Zig., 89, .1740 (1926). 
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T^e accep^ formula for cellulose is (C.H,oOj)x. x was found by x-ray 
to be equal to 4, which means that the elementary cell of the 
cellulose containg four glucose anhydride groups. 

A simila^esult was obtained in rubber, the basic formula of which is 
When first published, this result created considerable argument 
among the cellulose and organic chemists, because such a low figure for x was 
not correktable in any way with the behavior and properties of cellulose 
^ found by ordinary chemical methods and analysis. Exactly the same 
l^ppened when the unit crystal for rubber was determined to be (C 6 H 8 ) 4 , 
the elementary body containing only four isoprene molecules. 

The fact revealed by the x ray, that only about four glucoseanhydride 
rests build up one cellulose unit cell, or four isoprenes the unit cell in rubber, 
and the discrepancy with the properties and the results found in ordinary 
organochemic^ work, brought about what must be considered one of the 
most outstanding developments in furthering and deepening our insight into 
the actual buflding methods of nature. The final result of this reasoning 
and thi nking showed that the single glucose residue ties up with the next 
gluco^ and finally forms long-chained molecules out of equal fragments 
contamed in th6 elementary body and composing the crystal. Here is the 
big (Merence from the mineralogical point of view. In the case of such 
orgamc matter, the crystal is not something to be taken out of matter and 
put in another place. It is an imaginary thing. In oi^nic compounds like 
ceUulose and robber, we have such long molecular chains of glucose residue or 
isoprene, which tie up, one to the other. Several of these fih«.ina fie 
parallel to each other and form the unit elementary bodies or unit cells which 
always repeat themselves. To make up that unit cell we must use several 
fragments of such long molecular fibaina 

For example, if a piece is chipped off a lump of rock salt, we again have 
rock salt and shall continue to obtain the same going down the line of dis¬ 
persion until we obtain the atomic unit. But if we disint^rate the cellulose, 
the properties are lost because they lack the units of the elementary body, or 
the structure that is necessary to the properties referred to. 

Today we have gone a step further and from the study of simple organic 
compounds have leam^ to determine the size of the oxygen or carbon atom 
of certain organic radical groups. We have also learned more about the 
arrwgement and distances of such atoms in various compoimds. On the 
b^ of that knowledge, we are in a position today to calculate actual 
dimensions of glucose or isoprene molecules or groups, and, in doing it, it has 
been possible to prove that the results check perfectly with the dimensions 
ob^ed in studj^g x-ray patterns. If we take cdlulose in the old way of 
writing, we obtain roughly a formula represented in Fig. 111a, which is 
CeHiiOs. If one water is subtracted therefrom, we obtain a glucose residue 
C«Hio 05 . Con^ponding to more modem organic methods of describing not 
only the condition but also the arrangement of the different atoms and their 
^uping, cellulose can be drawn as shown in Fig. 1116. The top line and the 
line at the bottom each denote a free valence, and hence we can assume that 
the next glucose rest will presumably tie to these points. A modem way 
of drawing molecular designs is shown in Fig. 11 Ic. The dark circles corre- 
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spend to the carbon atoms; the white, to the oxygen. The hydrogens, which 
would be small in comparison, have been left out so that the picture does not 
become too complicated. If definite dimensions are taken for carbon and 
oxygen, and the spacing between them is measured in accordance with our 
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1 * 10 . 111.—Diffwent methods of picturing a cellulose molecule. 

present-day knowledge, we can draw up a crystal or a particle model in 
proportional measurements or dim^isions. 

Measuring the distance from left to right, we find that it is roughly 0.76 
m^ whereas the distance from top to bottom, t.«., for two ^ucose residues, 
will be 1.03 miL. The x-ray diffraction patterns, if evaluated mathemati¬ 
cally, give exactly those figures, thus making a perfect check. Figure 112 
shows sucha umt celL The rest of the molecules on the right front edge have 
been purposely omitted. The dimensions are a * 0.835, the c axis being 
0.79, and the h axis, 1.03. 
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Figure 113 shows a fiber in cross section. If an actual fiber is considerably 
magnified, we may receive a simple picture such as shown in Fig. 114. 


1 T 1 



Fig. 112.—Schematic drawing of a unit cell of cellulose. {According to K. H, 
Meyer and H. Mark.) 



Fig. 113.—Schematic Fig. 114.— 

cross section through a Schematic inter¬ 
cellulose fiber. pretation of the 


arrangement of 
molecular cJiains 
in a fiber. 

Let us take ar tificia l silk for comparison. What is our purpose in making 
ar tificial silk? It is to transfer the natural short fiber, such as wood-pulp 
cdlulose, into a long-stem fiber. We are interested in producing a synthetic 
fibrous structure, and to do this we must produce cellulose in a highly 
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oriented condition. The interesting part of the artificial-silk industry is that 
long before this work and line of reasoning were known, the manufacturers 
managed to produce entirely satisfactory products. By stretching or using 
a stretching operation during the actual manufacturing process of the 
artificial silk during spinning, they produced artificial fibers having a diagram 
practically identical with the diagram of the natural cellulose material. ^ An 
x-ray diagram of viscose, for example, is absolutely comparable to the x-ray 
diagram of natural cellulose fibers. 

Has the crystallization of this matter already taken place in the solution 
or only during the spinning operation? In the manufacture of the viscose, 
the natural crystalline structure of the cellulose has imdoubtedly been 
destroyed to some extent, and this has been rebuilt or reproduced during the 
spinning operation.* 

Another highly interesting substance is gelatin. If this is dried, and an 
x-ray pattern taken of the dried gelatin, an admittedly poor but nevertheless 
existing Debye-Scherrer concentric-ring diagram is obtained. This means 
that in the dried gelatin there must be some crystalline '^matter” in pre¬ 
formed condition, because the x-ray patterns show the preformation of 
aggregates. If the gelatin is swollen in water, the aggregates will loosen, and 
the diagram will lose in sharpness until finally when the gelatin goes into 
perfect solution they will disappear, and only an amorphous ring will remain. 
If the gelatin is allowed to swell slightly, is then stretched, and is dried in 
stretched condition, an x-ray pattern shows a perfect fiber diagram. By the 
stretching operation a preferential orientation of the preformed aggregates 
has been produced. The gelatin is midway between rubber and cellulose in 
general Ibe-up of ciystallme matter. In the cellulose, it is preferentially 
oriented; m rubber, it is not present in the unstretched condition, and it must 
first be oriented; in the gdatin, crystallized matter exists but in random 
arrangement. 

If an x-ray pattern is taken of a tendon, which is one of the substances 
from which gelatin can be obtained, a fiber diagram results which practically 
coincides with the gelatin pattern. This is interesting, because in order to 
make gelatin we must go through a considerable number of steps. These 
one would assume would completely change or decompose the matter, but 
still this is not the case, as during the production of gelatin‘from the tendon 
the fiber structure is decomposed but not the individual unit-building 
elements. Therefore, by stretching, orientation can be reproduced such 
^ was h^ originally, the only exception being that the tensile strength 
is not so high, since a number of skeleton-forming ingredients are missing. 

All these findings demonstrate that nature does not resort to the indi- 
vidu^ atom as a building element when building matter of high rigidity or 
elasticity but rather to a more advanced unit, just as the contractor uses 

1 Similar analogies have been found with wool and artifioial wool' pro¬ 
duced from dehydrated and stretched casein. 

* W. K. Parr ^d her collaborators have serioudy contested this point of 
view. Th^ believe that the cellulose is reduced to building units of only 
about 1 M m length, which reorient again during the spinning process. 
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bricks to build a house and does not begin with more elementary units of 
matter, such as clay, analogous in our case, to molecules or atoms. 

Literature.—^From a large selection of specialized textbooks, the following 
may be mentioned: 

W. H. Bbagg and W. L. Bbaog, '^X-rays and Crystal Structure,” George 
Bell & Sons, Ltd., London, 1925. 

George L. Cla]^, ‘‘Applied X-ra 3 n 8 ,” McGraw-Hill Book Company, Inc., 
New York, 1927. 

H. Mare, “Die Verwendimg der RSntgenstrahlen in Chemie und Technik,” 
J. A. Barth, Leipzig, 1926. 

J. J. Trillat, “Les applications des rayon X,” Les Presses Universitaires 
de France, Paris, 1930. 

Separate interesting contribukons with special reference to colloidal 
systems are found in KoU. ZeiL^ 69,266, 301, 312, 369, 378 (1934). See also 
G. L. Clare, C6U, Symp, Monogr.^ 4,145 (1926). 

OPTICS IN COLLOm CHEMISTRY AND PHYSICS 

It is only natural that a science treating matter of such fine degree of 
subdivision that its dimensions are far smaller than the recording power of 
the human eye must depend greatly on the use of microscopic and other 
optical equipment. As was mentioned in the brief discussion of the ultra¬ 
microscope (see page 183), a colloid chemist or ph 3 ^cist of today must be 
familiar with at least the principles of optics and the various instruments 
that have found successful application in the experimental studies of colloidal 
systems and colloidal phenomena. 

One could easily write a book exclusively on the application of optical 
instruments in colloid chemical or colloid physical research. Many detailed 
discussions of the different instruments and their applicability are available 
in scientific literature as well as in special pamphlets obtainable from the 
manufacturers of such instruments. The following lines are therefore 
limited to a very brief enumeration and discussion of the most important 
instruments, their specific field of application, and such points as, based on 
many years of experience, deserve special attention when working with these 
instruments. 

Slit Ultramicroscope.—The theoretical basis for the developmez^t of this 
research tool and its value, as well as limitations, in the study of colloid- 
disperse systems have been previously discussed. The slit xiltramicroscope 
offers, besides the simple detection of colloid-disperse matter, one of the 
methods for determining the size of such particles. For this purpose it is 
necessary, as in any microscopic work, to have the instrument perfectly 
centered in r^;ard to the light source. Slight deviations can cause nus- 
leading light effects and decrease the sharpness of the picture. If the open¬ 
ing of the slit and the magnification of the system are known, then the 
illuminated volume, corresponding to a standard grating in the eyepiece, 
can be easily calculated. To obtain satisfactory measurements, it is 
essential that the number of particles visible in one square of the grating 
do not exceed a maximum of 0.6 particles per square. This average figure 
has proved satisfactory in the case of extremely small particles. The larger 
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the particles are the greater should be their dilution. Only those particles 
should be counted which are perfectly in focus at the moment of counting. 
Diffraction diaka and blurred particles should not be considered. The 
counts should be carried out by varying the procedure frequently; e.p., 
start with the square in the left top row, continuing to the right, starting the 
second row now again at the left. The second count should begin with the 
square to the right of the bottom row and proceed horizontally to the left. 
The next should make use of a vertical uequence. Special precautions 
should, be taken to make the counts in uniform time intervals. About half 
to 1 second has proved satisfactory. To obtain reliable averages, at least 
1000 but, if possible, 2000 individual counts should be made and then 
averaged. 

It is advisable to check the result by diluting the sol to exactly half its 
original concentration and rei>eatmg the count. At the end of the experi¬ 
ment one may add an effective electrol 3 rte to see whether amicrons were 
present, which show up only after complete coagulation. 

It is furthermore advisable to place heat-absorbing filters between light 
source and specimen to prevent the formation of convection currents. 

The diameter of a particle in centimeters can be calculated as follows: 



where 0 « grams of disperse part in the optically limited volume. 
m = average number of particles counted in volume. 
s Specific weight of disperse part. 

The preceding equation assumes that the particles are of cubical shape. 
If they are considered to be spheres, then the following equation should be 
applied: 


d 



1.2407a/I^ 

^in>8 


In the older literature, the specific weight was taken as that determined 
from the same substance in its coarse form. Correctly, one should use 
the '^apparent specific weight’’ of the substance in dispersion. The differ¬ 
ences will be especially pronounced in the case of lyophilic colloids. 

Dark-field Condensers.—^In regard to the use of ultracondensers with 
uniform illumination from all sides, necessary details as to construction 



SLIDE 

Fio. 115.—Special cell for use with dark-fidd condensers. 

and methods of use, the literature referred to above, and the descriptive 
material of the various manufacturers should be consulted. 

The construction of these condensers also necesmtates very accurate 
focusing of the light source and the use of objective slides of great precision 
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in regard to thickness. Since too thick a layer of the preparation will 
result in a blurred effect, special precautions should be taken to insure an 
even thickness of the specimen. It is advisable to use special cells which 
guarantee an even thickness of the preparation (see Fig. 115) and are obtain¬ 
able from the different manufacturers of ultramicroscopical equipment. 

Literature. 

0. HeimstLdt, “Apparate und Arbeitsmethoden der Ultramikroskopie 
und Dunkelfeldbeleuchtung,” Frank'sche Verlagshandltmg, Stuttgart, 1915. 
Wo. OsTWAU), “Licht und Farbe in Kolloiden,” T. Steinkopff, Dresden, 
1924. E. A. Hatjsbb, ^^Optik der KoUoide,” in Bbchhold, op, cU, G. Wibg- 
NBB, **Ultramikroskopie,” in A. Kuhn, ‘‘Kolloidchemisciies Taschenbuch.” 
(This summary contains further literature references.) For limitations of the 
method and the most frequently occurring errors, see, e.^., J. Rbissig, KoU. 
ZeU,y 5,265 (1909). G. Wibgnbb, KoU, Beih,, 2,213 (1911). Especially G. 
WiBGNBB and E. W. Russell, KoU. Zeit, 52,1,189 (1930). Max Poser, 
‘‘Ultramicroscopy,” in J. Alexander, “Colloid Chemistry,” vol. 1, D. Van 
Nostrand Company, Inc., New York, 1926. R. Zsigmondy, “ The Immersion 
Ultramicroscope,” in J. Alexander, “Colloid Chemistry,” voL 1. Cotton 
and Mouton, “Les ultramicroscopes et les objects ultramicroscopiques,” 
Masson et Cie, Paris, 1906. E. M. Chamot and C. W. Mason, *‘Hand- 
book of Chemical Microscopy,” 2d. ed., John Wiley & Sons, Inc., New York, 
1938. 

iLUOKESCENT LIGHT MICROSCOPY AND ITS APPLICABILITY 
TO COLLOID CHEMICAL RESEARCH 

The ultraviolet spectrum was discovered in 1801 by J. W. Ritter. The 
fact that certain substances glow in the visible range of the spectrum when 
irradiated with ultraviolet light was first noticed by David Brewster, in 
1833. In 1852, G. G. Stokes termed this phenomenon “fiuorescence.” 
However, it took over 50 years from then before the ultraviolet light was 
introduced into microscopy. This was in 1904, when A. Koehler^ described 
for the first time a microscope using quartz optics, thereby permitting 
microphotography with the use of ultraviolet light. Though Koehler's 
paper was principally directed to a detailed study of microscopy in the ultra¬ 
violet, he did point out that under certain conditions direct observations 
should be possible if the preparation would emanate visible light, t.e., 
fluoresce, when radiated with ultraviolet light. He also pointed out that 
in cases where the substances imder investigation do not fluoresce themselves, 
other substances might possibly be added which exhibit pronounced fluoresc¬ 
ing properties. Such substances he termed “colorless dyes.” Quite 
recently, M. BEaitinger and L. linsbauer described the use of a variety of 
water-soluble substances exhibiting specific fluorescence as additions to 
nonfluorescing preparations. These substances, now known under the 
term “fluorochromes,”* are selectively adsorbed on surfaces and have found 

1 ZeU. wise, Mtcros., 21, 129, 273 (1904). 

^Beih. Bot, CmbraJbU A.U, 1, Eeft 2, 432 (1933); 58 (A), ^8, 387, 
(1935). 
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much application in the colorless dyeing of plant or biological tissues. The 
concentration needed is extremely low, so that no changes in a system due 
to chemical reaction have to be considered. 

Since the publication of Koehler’s work, several more or less successful 
attempts have been made toward the construction of microscopes permitting 
direct observation of the specimen by its actual fluorescence. They can 
generally be divided into two groups: The first makes use of the ordinary 
types of mercury-arc lamp as Hght sources for observation in incident or 
transmitted light; the second uses as light source an arc created between 
specially impr^nated carbons or metal electrodes. Detailed literature 
references to the earlier work in this field have been summarized, for instance, 
by J. A. Radley and J. Grant,^ E. M. Chamot and E. W. Mason,* and 
M. Haitinger.* 

Up to very recently, electric arcs using impregnated carbons or special 
metal electrodes^ have found wider application than the mercury arc. The 
reason lies in the fact that the surface Imninosity of the former (light 
intensity per unit area of specimen) is much superior. However, in the last 
years, entirely new light sources, so-called capillary mercury-vapor lamps, 
have been developed* which must be considered as ideal for the purpose. 

The light emitted from the light source is usually collected through an ultra- 
violet-transmitting optical-lens system and then passed through a fOiter or 
cuvette containing a 10 to 20 per cent copper sulphate solution to eliminate 
all red (heat) rays of the spectrum. Then the light passes through a filter 
which will transmit only ultraviolet radiation, e,g,, from 3100 to 3900 A in 
wave length. It is reflected from the microscope mirror into the ultra¬ 
violet transmitting condenser and after passing the ultraviolet transmitting 
slide reaches the preparation. To reduce lox in ultraviolet radiation it is 
advisable to use aluminum mirrors or glass mirrors on which aluminum has 
be^ deposited by vapor condensation. If incident light must be used, it 
is necessary to apply microscopes that permit vertical illumination. In 
such cases, it is naturally essential that the optics transmit the ultraviolet 
light to the preparation. The objective and the eyepiece of the instrument 
should be made of ordinary optical glass, since fluorescent colors lie in the 
visible spectrum, and stray ultraviolet rays will be absorbed and made 
unharmful to the observer’s eye. To be quite sure, it is advisable to use a 
safety filter on top of the eyepiece, which eliminates exactly that spectral 
band tra nsmit ted by the other fiOlter. "When using oil-immersion systems, a 
nonfluorescing oil is essential. The same applies to the glass used for slides 
and cover glasses. 

' “ Muorescent Analysis in Ultrarviolet Light,” Chapman & Hall, London, 
1933. 

*Op. cU. 

*MikrochemU, 9, 430 (1931); «Die Anwendung der Muoreszenzanalyse 
m der Mikrochemie,” Heim & Co., Vienna, 1937; ZeU. mikr.^nat. Foriichg., 

193 (1933). See also R. W. Woon, J, Physique (1919). 

See M. HAmNGBB, MihrochemU, 9,220, (1931); ^Muo^cenzmikrosko- 
pie,” Akad. Verlags-Ges., Leipzig, 1938. 

‘See S. Dushman, /. 0. S, A., 27, 17 (1937). 
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Fluorescent-light microscopy has found many applications in botany and 
biology. Its application to colloidal phenomena and their study is of very 
recent date.^ Nevertheless, the results so far recorded have already proved 
that fluorescent-light microscopy has offered a new research tool in the 
study of emulsiflcation; surface and interfacial reactions; ore flotation; the 
concentration and orientation of surface-active substances in interfacial 
layers; changes of accelerators during the vulcanization of rubber; and 
impregnation of fibers, leather, etc. The possibility of obtaining quantita¬ 
tive and comparable data as to the actual fluorescing color and its intensity 
by appropriate recording instruments (photometer eyepiece, microspectro¬ 
graphs, etc.) that are now available* has very materially enlarged the 
applicability of this new branch of microscopy to colloidal research. (The 
availability of color plates or films permits the permanent recording of 
fluorescent effects.) Since, in a majority of cases, exposures of several 
seconds are necessary to obtain the correct color reproduction, it is advisable 
to ascertain in advance whether or not the ultraviolet radiation influences 
the fluorescent color with time. 

INFRARED SPECTROSCOPY 

The application of infrared spectroscopy in the study of molecular struc¬ 
tures of inorganic and organic compounds is constantly increasing. The 
method apparently will develop very rapidly into a new tool in the field of 
structural chemistry. Problems pertaining to the type of linkages present 
in organic compounds, the mechanism of polymerization, isomerization, 
tautomerism; the detection of hydrogen bonds, —OH groups; and the study 
of the state in which water is present in different compounds and gels are at 
present the most prominent ones. If one bears in mind that all S 3 nithetic 
polymers, such as modem plastics and artificial mbbers, and certainly all 
reactions leading to gelation and gels as such must be classified as typical 
colloidal s 3 rstems, it becomes self-evident that the modem colloid chemist 
and physicist must familiarize himself with this new tool. He must consider 
its possibilities not only from a scientific angle but also from the point of 
view of its industrial importance. Although the results are so far still hig^y 
qualitative, they have offered extremely interesting and promising results in 
domains where other methods have come to a deadlock. 

R. Bowling Barnes* has offered an excellent summary in regard to the 
importance of infrared spectroscopy in organic chemistry. Dudley Williams* 
has applied this new tool to mbber chemistry. Although the work so far 

1 See, e.g., E. A. Hausbb, Reo, g4n, caout.y 11, No. 106, 3 (1934); E. A. 
Hjlusbb and C. J. Fbosch, Ind. Eng. Chem. {Anal. Ed.), 8,423 (1936); J. O. 
S. A., 27,110 (1937). 

* S^, e,g., E. Hatschidk and M. Haiungibb, ''Farbmessungen,’’ Heim & 
Co., Vienna, 1936. 

*Reo, Sd. Jnstr., 7, 265 (1936). See also ‘‘Proceedings Fifth Summer 
Conference in Spectroscopy,” p. 71, John Wiley & Sons, Inc., New York, 
1938. F. DanxeJjB, ibid., p. 76. 

* J. Chem. Phys., 4 , 460 (1936); Physics, 7, 399 (1936). 
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published is more of an informative character, it demonstrates that valuable 
information can be expected in the evaluation of the mechanism of vulcaniza> 
tion and additional data on structural changes during the stretching of 
rubber. 

The use of the infrared spectrograph for studying the state of water in 
different compounds was originated by W. W. Cbblentz.^ He also noted 
definite absorption bands in gelatin containing some moisture. This work 
was continued on a theoretical basis by W. M. Latimer and W. H. Kodebush,^ 
who expounded the idea of hydrogen bonds as explanation of the valency in 
certain compounds. A. M. Buswell’ applied this theory to gelation of 
various colloids (gelatin, silica, starch, clays, etc.), assuming that the free 
electron pairs of their oxygen or nitrogen atoms could share one hydrogen 
with water. A. M. Buswell, K. Krebs, and W. H. Rodebush* have published 
data on jS-amylose, agar, gelatin, and montmorillonite that substantiate the 
above assumption and throw light on the bonding of water by these 
substances. 

THE DETERMINATION OF PARTICLE SIZE AND PARTICLE-SIZE 

DISTRIBUTION BY THE USE OF SCATTERING IN THE NEAR 

INFRARED 

The determination of particle size of pigments can be accomplished by 
direct microscopic (ordinary or ultraviolet light) measurement. The 
pigment is dispersed in a mounting medium and . then spread out between 
cover glass and microscopic slide. The size of the particles can be deter¬ 
mined by direct measurement on an enlargement of the microphotograph or 
by direct projection. 

Ultramicroscopic counts can be carried out either in liquid dispersion or 
after dispersing the pigment in rubber or the like. They give figures only 
for apparent particle diameter but no indication as to the condition or con¬ 
figuration of the surface. Turbidometric methods are used extensively in 
the paint, cement, and ceramic industries. They, as well as hydrometer 
methods, permit a study of particlensize distribution curves to be obtained. 
Ultracent^ugal or supercentrifugal sedimentation methods are undoubtedly 
excellent in determinmg particle sizes and size distribution in suspensions of 
very fine particles. The latest addition to the methods available for 
particle-size determination is the adaptation of infrared scattering.# 

1/. FrankLin Inst., 172, 309 (1911); Nat. Bur. Stand. Rea. Paper 830, 
September, 1935. 

*J. Am. Chem. See., 42, 1419 (1920). 

* Am. Chem. Soc. Monograph 38, 53, 60, (1929). 

* J. Am. Chem. Soc., 59, 2603 (1937). For the instrument used see, c:g., 

A. M. Btjswbll, Victor Dietz, and W. H, Rodbbush, J. Chem. Phva 6 
84, 501 (1937). ^ ’ 

* See, e.g., Gehman and Mobeis, Ind. Eng. Chem. (Anal Ed.), 4,157 (1932) 
For a good rfeum6 see P. V. Wells, Chem. Rev., 8,331 (1926). Also A. Casa- 
grande (not published). The Svbdbebg and Rxndb, J. Am. Chem. Soc., 46 
9^ (1923). E. A. HATJSBRand C. E. Reed, J. Phya. Chem., 40, 1169 (19^)! 
PFund, j. 0. S. A., 24, 143' (1934). Especially D. lu Gamble and C. E. 
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The amount of light transmitted through a suspension of particles dis¬ 
persed in a transparent medium is determined by the refractive indexes of the 
particles and the medium, the size of the particles, and the applied wave 
length. The transparency at various wave lengths and its variations offer 
information as to average size and distribution. Rayleigh has calculated the 
shape of the wave-length transmission curve for cases when the particles are 
small in comparison with the short wave-length limits of the light source 
applied. This is expressed by the formula 


I 


Zo exp. 


r&rVw* - no»\ ( \NVn 
Lav Aw*+2noVX4j 


I « intensity of transmitted radiation. 

Zo s intensity of incident radiation, 
n * refractive index of particle, 
no » refractive index of medium. 

N = number of particles per cubic centimeter. 

V =“ volxime of each particle. 

X wave length. 

If we assiune the refractive indexes as constant, and since the mass per imit 
volume (concentration) c is equal to N^V*p (p « specific gravity of particles), 

c NV* 

we can substitute N-V «In the simplified exponent, we 

obtain: 

At constant concentration of one pigment, and assuming the volume V to 
be proportional to d’ (d « diameter of equivalent spherical particle), we 
can write the equation 


Z 


Zoexp. — 


Kd^ 

X* 


The intensity of the transmitted radiation varies inversely as the fourth 
power of the wave length and directly as the third power of the particle 
diameter. If particle size approaches the wave length of the radiation, 
transmission becomes less dependent upon wave length and loses in selec¬ 
tivity in its transmission characteristics. Raleigh’s conditions are no longer 
fulfilled. If we measure the spectral transmission of a pigment suspended in 
oil or rubber, from the visible blue to a wave length of about 4 /* in the 
infrared, the shape of the transmission curve should give us a good indication 
as to relative average size and size distribution (Fig. 116). 

Babnbtt, Znd. Eng» Chem. (AndL 9,310 (1937), from which this discus¬ 
sion as well as the illustration has largely been taken. See also W. J. 
Kelly, CoU, 3ymp. Manogr., 2, 29 (1926). A. J. Stamm, CoU. 8ymp, 
Monogr., 2, 70 (1925). A. Kuhn, KoU, Zeit., 87, 366 (1926). A. Dumanski, 
£. Zabotinsei, and M. Ewsejew, ibid,, 12, 6 (1913); 18, 222 (1913). Y. 
Hbnkt, ibid., 12, 246 (1913). W. Mbckleotubg, ibid., 16, 97 (1916); 
16, 149 (1914); 14, 172 (1914). H. J. C. Tendbloo, ibid., 41, 290 (1927). 
P. Tuobila, ibid., 44,11 (1928). 
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Low transmission in the short wave length indicates small particles. 
Increasing selectivity (slope of curve toward longer wave length) combined 
\vith low initial transmission indicates increasing fineness. The average 
particle size is indicated by the point at which selectivity is first observed on 
the curve. Curve A in<icates a uniform material of very fine particles. 

(Average equivalent spherical diameter 
about 0.5 /i.) Curve B represents a pig¬ 
ment of fairly small average size but con¬ 
taining a laige portion of coarse matter. 
Curve C represents a fairly uniform 
coarse material (about 2 ju). 

MICROMANIPULATION 

A number of instruments have been 
constructed which, if combined with a 
microscope, permit a number of opera¬ 
tions to be performed with micro¬ 
scopically small objects. The so-called 
''micromanipulators’’ have long been 



0 ^0 4.0 

WAV£ LENGTH IN MICRONS 
Fig. 116 .—^Light-transmission 
curves in the near infrared for 
different particle sbes. 


an established research tool in biology, entomology, and special studies 
of cell life, etc. However, their application to colloid chemical problems is 
of much more recent date, and even today only few very specialized publican 
tions have become known. The author is of the opinion that it is not lack 
of possibilities for very successful application but rather hesitation on the 
part of the research worker and insufGlcient knowledge of the possibilities 
offered by these instruments which have delayed their more extensive use. 

In principle, the micromanipulator is a microscope accessory which permits 
carefully controlled and accurate movement of microinstruments, such as 
needles and pipettes to any desired place of the preparation. With its help, 
microscopic objects can be dissected, liquids introduced or removed, etc. In 
tibe hands of a skilled colloid chemist with thorough training in general 
microscopy, these instruments can be used to study the structure of semi- 
colloidal particles. £. A. Hauser^ applied micromanipulation in his studies 
on the structure of individual rubber latex particles. A study of the 
elasticity of gels is reported by H. Preundlich and W. Seifritz.* 

A tiny nickel particle (diameter about 18 m) Is introduced with a micro-glass 
needle into a geL Then an electromagnet, one pole having needle shape, is 
brou^t dose to the preparation. The extent of pull exerted by the magnet 
and the d^ree to which the particle returns to its original position permit a 
measurement of elasticity. The construction of special dark-field or ultra¬ 
condensers’ has further increased the applicability of the instrument. Thus 
it has been possible to perform microtensile tests on various substances and 
at the same tame demonstrate orientation or alignment of the molecular 


^ ZeU. wise. Mihros,, 41, 465 (1924). 

^ZeU. physihaL Chm.^ 104, 233 (1923). 

’See E. A. Hatibbb, KoU, Zeit., 68, 78 (1930). 
’ See E. A. Haubbb, ibid., 88, 76 (1926). 
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T^e use of micropipettes has permitted a closer study of the influence of 
elecirolytes on coUoidal dispersions; the injection of solvents enables a micro¬ 
scopic study of swelling and peptization. The use of microelectrodes 
peiTOts study of cataphoretic and galvanoplastic phenomena on a micro 
scale. A microstudy of thhcotropy should yield valuable information on the 
mechanism of gelation. 

VERTICAL ILLUMINATIOKS 

tolin^ microscopy by transmitted light flu special cases, ultraviolet 
hght and fluorescence) and dark-field illumination are today an accepted tool 



Fig. 117, —^Totally x^eoting 
optic (inddeut light). LS, Hght 
source; lens; if, reflecting 
niirror; 0, microscope objective; 
T, microscope tube; P, surface of 
spedmen. 



Fig. 118. —Lieberktlhn 
mirror. 0, microscope ob- 
jecrtive; LieberkOhn 
mirror; P, preparation 
mounted on glass sHde; 
8, microscope stage; if, 
regular microscope mirror. 


in the stady of many coUoidal phenomena. Microscopy with incident l«ht 
or so-called vertical illumination” is comparatively new in this field of 
science. 

m use of toti^y reflecting optics (Kg. 117), as primarily appUed in 
m^opiphy and petrography, is of very limited value when studying 
^oid^ syste^, e.jr., pastes or slips ^riJand cement, days, etc.), to 
deterge P^de arrangement or deposition of dyes on fibers, etc., because 
they dem^ perfectly smooth and polished surfaces. Total reflection is 
comparable to transmitted light in its optical effect. 

V^cal iUumination by lieberkliha’s mirror is more comparable to dark- 
fidd ^umimtion, since the ligdit reaches the preparation droularly, is., bam 
disadvMtap are limitations as to size of specimen 
md inab^ty to use high magi it foations, is., lenses with a short focal dis- 
tanM. A big step forward in this direction was the vertical dark-field 
eonden^ mvented by F. Haus«* (Kg. 119), which permitted the use of oU 

E. A. Hausxb, Die Chem. Fabr., 4^ 277 (1931). 
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immersions, i.e., maximum magnifications. The size of the specimen was 
still limited. However, these constructions also call for fairly smooth ef¬ 
faces, because otherwise the picture is easily blurred, thereby making 
perfect resolution impossible. 

A construction that may be mentioned here for sake of completeness is me 
so-called ‘‘Spierer condenser^ (Fig. 120),^ a combination of a condenser for 
transmitted light, a cardioid condenser, and total reflection, ^thoug 
some research workers* have attributed to this instrument the possibility o 



Fig, 119.—F. Hauser’s dark-field 
condenser. O, microscope objective; 
jBT, mirror planes; P, preparation; 
gS, microscope stage; Af, microscope 
mirror. 



Fig. 120.—Spierer con¬ 
denser. Of microscope ob¬ 
jective; SMf silver backing 
of front lens; C, ultra¬ 
condenser; L, central lens. 


resolving ultra structures, the author has previously expressed the opinion, 
shared by a great number of optical experts, that this accessory is to be 
r^arded with suspicion. Its construction actually forces interference bands 
on to any surface observed mider the microscope. 

Lately several of the manufacturers of optical equipment have solved the 
problem by constructing objectives that permit the light to reach the prep-^ 
aration through a circular lens system, surrounding the objective. These 
instruments make any limitations as to size of specimen unnecessary and 
allow the use of any desired magnification. In some constructions, the 
illuminatix^ lens ring can be focused independently from the focus of 
the objective. This permits individual sdection of the ill umin ation for the 
surface under observation (Fig. 121). These instruments have already 
proved their great value in many a study of colloidal s 3 rstems. 

Literafore.—Special literature is obtainable from all manufacturers of 
microscopes with vertical illumination. See also F. Haxjsbb, Grundlinien 
der Beleuchtung mit auflallendem licht,’’ Zeiss Nachrichtenf 1, 12 (1932); 


*C. Spibrbb, Arch, Sd, phys, naJt,y 8 , 21 (1926); KoU, Zeit.j 51, 162 
(1930); 63, 88 (1930); 64, 17 (1931); 66, 36 (1931). 

*Sto, W. Sbipritz, J, Phys, Chem,, 86, 118 (1931); Ind, Eng, 
Chem,, 28, 136 (1936). S. Woodbuff, Ind, Eng, Chem,f 80, 1409 (1938). 
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E. A. Hausbb, Die Chem. Fabrik 4,277, (1931); MitUg. d. Leit^Werke 47 and 
49; H. Hbinb, Zeit. toiee. Mikroa.f 48, H4 (1932). 

ELECTRON DIFFRACTION 

Count Louis de Broglie’s theories, already classical, have shown that 
every part of matter exhibits wavelike properties. He proved that the 
wave length decreases with increasing mass. 

It therefore seemed of special interest to make use of accelerated electrons 
in testing these theories. J. C. Davison and L. H. Germer^ and G. P. 



scope objective; L, light-foousing lens rings; P, preparation. 


Thomson* deserve credit for the first experimental proof. They could 
demonstrate that electrons are diffracted by crystal lattices. Since then, 
the use of electron diffractions for the study of ultimate st^ctures has been 
greatly developed. 

By c h anging the volt velocity of an electron beam, keeping the reflection 
angle constant, we obtain diffraction maxima. Their location is .expressed 
by jEm ^nation derived by E. Rupp:* 

Va - sin* a) - ^ 

^Phyg. Rev., 80, 705 (1927); Proe. NoR. Acad. Sei., 14, 317 (1928). 

f Proc. Roy. Soc., (A), 117, 600 (1928). 

» Zea. Phye., 62, 8 (1928). 
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where V *» volt velocity of electrons. 

Eo ^ inner lattice potential of applied metaL 
d « lattice-plane distance of crystal surface, 
n — an integer. 

If the structure of a pure metal has once been determined, those of adsorbed 
layers can be evaluated. However, electron-diffraction analysis is not 
limited to the study of metals but is increasingly used in the structural 
analysis of colloidal systems. 

Excellent reviews have been published by E. Schiebold (contains com¬ 
plete literature reference), R. Brill, R. Fricke, P. Halle, E, Rupp, J. J. 
Trillat,^ and G. L. Clark and E. Wolthuis.* 

THE USE OF POLARIZED LIGHT 

Polarizing microscopes have also found considerable application in the 
study of colloidal systems and thus permitted a better understanding of the 
structure of so-called Hquid crystals, the orientation of tactoids, etc. 

Since their use is absolutely identical with their regular application in 
mineralogy, appropriate textbooks or literature published by the manu¬ 
facturers of such instruments should be consulted. 

MICROPHOTOGRAPHIC EQUIPMENT 

It lies far beyond the scope of this book to give a detailed discussion of 
the available microphotographic equipment and its applicability. Here, 
again, the literature published by the various manufacturers of optical 
equipment should be consulted. For almost all purposes the author has 
found that miniature cameras, which can be directly attached to the 
tube of the microscope, are not only very satisfactory and economical in 
use but give pictures of perfect definition. (It is naturally -understood that 
fine-grain films and fine-grain developers are used.) In comparison -with 
more refined and xmquestionably more accurate equipment, they have the 
advantage of great ease in handling and fast work. The latter is frequently 
essential when it is desired -to take a series of pictures of rapidly changing 
systems, such as the setting of cement pastes or the drying of rubber latex 

Reference has already been made in the main text to the leading books 
on microscopy and microphotography. However, the author is of the 
opinion that neither of these -techniques can be acquired exclusively from 
the study of textbooks, as only by prolonged and careful training can 
successful results be achieved. 

ULTRAVIOLET MICROSCOPY 

The ordinary microscope using regular white light has a resolving power 
for dimensions not smaller than the average wave length of such light, 

^ These papers appeared in KoU. Zeit,, 69, 266, 301, 312, 324, 369, 378 
(1934). 

Chem, Educ,t 15, 64 (1938); this paper contains a very complete 
bibliography on the subject. 
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according to Ernst Abbe’s theory. The lower limit for the resolution of an 
ordinary microscope therefore lies at about 1 /*. Asa further result of Abbe’s 
theory, it should be possible to obtain increased resolution if light of shorter 
wave length is applied. The two main obstacles are the invisibility of such 
radiation to the human eye and 
the fact that regular optical glass 
will absorb such radiation to a large 
degree. 

In 1904, A. Koehler^ described, for 
the first time, a naicroscope, con¬ 
structed according to his ideas by 
Zeiss, which uses pure ultraviolet 
radiation as a light source. The 
entire lens systems were made of 
quartz, which has a high transmis¬ 
sion coefficient for ultraviolet light. 

Instead of direct observation, a 
microphotographic equipment using 
highly sensitive ultraviolet plates or 
films was attached. Preliminary 
focusing was done with regular light, 
and the focus then corrected for final 
exposure in the ultraviolet. 

Although ultraviolet microscopy has ul^^olet micmscop^ 
a technique of its own and calls for a searcher eye-piece for 
very skilled microscopist, excellent 
results have been obtained in the 
study of such systems exhibiting 
discontinuities just slightly below the 
resolving power of the ordinary 
microscope. For instance, the study 

of the shape and actual size of fine ditflOf el^trod^J 

pigments like zinc oxide, the study 

of the efficiency of dispersing agents and the study of rubber laiex and its 
vulcanization, etc., have been published. Moreover, it is known that a great 
number of research and industrial laboratories constantly apply this instru¬ 
ment as part of their routine (Fig. 122). 

Detailed descriptions in regard to the technique are obtamable from the 
manufacturers of ultraviolet microscopes. See also H. Gbbbn, Jnd. Eng, 
Chem.y 17, 802 (1925). F. F. Lucas, Am, Inst. Mining, Met. Engre., 
Pamphlet 1576-.B (1926); Proc. NaU. Acad. 8ci., 16, September, 1930; 
J. Franklin Inst, 217, June, 1934; Ind. Eng. Chem., 80, 146 (1938). The 
latter publication contains an excellent short description of the instrument 
and a series of very well-defined photomicrographs. (The colloid chemical 
conclusions contained in this paper, with which the author cannot agree, are 
immaterial as far as the technique goes.) 


Fig. 122.—Schematic diagram for 
1, removable 
visible light; 
2, quartz eye-piece; 3, microscope 
tube; 4, quartz objective; 5, specimen; 
6, quartz substage condenser; 7, remov¬ 
able glass filter for visible light; 8, 
quartz prism; 9, window in microscope 
base; 10, iris diaphragm; 11, 12, quartz 
prisms; 13, collimator; 14, spherical 
condenser for filter solution; 15, quartz 


Zeit, wise, Mikroe.f 21, 129, 273 (1904). 
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TUMIDITY MEASUREMENT 

The determination of the existence or nonexistence of coUoidal dispersion 
in liquids, a study of condensation reactions of aggregation and incipient 
flocculation of colloidal systems, and the detection of particle orientation are 
all phenomena that deserve more attention from the viewpoint of the modem 
colloid physicist than they have so far received. A series of possibilities for 
such determinations are available. Regular photometers can be adapted 


6 7 



Fig. 123.—Photometer with attached turbidimeter (construction by Zeiss). 
A, photometer: 1, eyepiece; 2, slit and color filters; 3, collecting lens; 4, prisms; 
5, measuring drums; B, turbidimeter; 6, container with distilled water; 7, beaker 
with suspension; 8, reflecting mirror; 9, comparator for light intensity; LS, 
standard light source. 

for such purpose if the instrument is first calibrated with a substance of 
standardized turbidity (Pig. 123). Differences and changes in turbidity can 
be expressed in percentage transmission for the entire visible spectrum when 
the light is passed through a standardized thickness of liquid. This principle 
has been developed to a remarkable degree in the Hardy color analyzer.^ 
Finally, the recording can be obtained by the use of sensitive photocells, 
e,g,, tliose used in the colorimeter of Lange in the Photolometer of the 
Central Scientific Company, the instrument of Hilgert (London), and others. 
^ A. C. Hardy, /. 0. 8 , A., 26, 305 (1935). 
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A 

Abbess theory, 271 
Absorption, 
process of, 125 

Acceleration, gravitational, 229 
Acid, acetic, synthesis of, 1 
Adhesion, of particles to walls, 107 
Adhesion angle, 208, 209 
Adhesion forces, v. Buzigh’s deriva¬ 
tion, 244 

Adhesion number, 208, 209 
Adsorbability, 132 
Adsorbendum, 123 
Adsorbents, 119,123 
acid, 132 
basic, 132 

chemical nature of, 120 
physical structure of, 120 
relative quantity of, 120 
specific surface area of, 120 
Adsorbing interface, radius of curva¬ 
ture of, 120. 
structure of, 120 
Adsorbing medium, 124 
Adsorbing surfaces, classification of, 
129 

Adsorption, 31, 115 
active-center theory of, 146 
activated, 144 
apolar, 129, 132 
Boedecker’s formula, 238 
chemical, 119 
interpretation of, 240 
theory of, 142 
deBnition of, 117,118 
(Wo. Ostwald), 119 
electrical, 119 
theory of, 142 
empirical isotherm for, 238 


Adsorption, factors infiuencing, 119 
gaseous, 123 
hydrolysis, 131 

influence of dispersion medium on, 
131 

ionic and chemical combination, 
133 

isotherm, 106, 124, 132 
Kroeker’s equation, 239 
Langmuir’s equation, 238 
layer, arrangement of molecules 
in, 135 

assymetric, 121 
monomolecular, 139 
interfacial, 147 
ionic, structure in, 135 
thidoiess of, 136 
mechanical, 119 
negative, 118 
oriented, 121 

Wo. Ostwald and de Izaguirre’s 
equation, 239 
physical, 144 
polar, 127, 131, 132, 134 
positive, 118 
potential, 141 
potential theory of, 141 
residual-valence theory of, 141, 
240 

specific, 159 

and surface tension, 131 
Szyszkowszki’s equation, 238 
terminology of, 118 
Aerodispersoid, 67 
Aerosol, 28 

Agent, emulsifying, 65 
stabilizing, 65 

Aggr^tes, bonded, by primary 
forces, 190 

by secondary forces, 197 
colloidal, definition of, 206 
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Aggregates, colloidal, structure of, 
207 

definition of, 190 
monodisperse, 207 
polydisperse, 207 
primary, 191, 206 
secondary, 1^, 197, 206 
Aggregation rate, definition of, 73 
Alcosol, 27 

Alignment, oriented, 185 
Aluminum hydrosilicate, 128 
ionic adsorption of, 143 
Angle of contact, 232 
Angstrdm unit, 266 
Argon, adsorption by carbon, 123 
Arsenium trisulphide, solution of, 3 
Association aggregates, 200 
Association colloids, 200, 201 
Atmosphere, diffuse ionic, 104 
Atomic linkage, lattice layer of, 195 
Attraction, energy of, 219 
Attraction forces, 197 
far reaching, 217 
interaction of, 181 
molecular, potential of, 198 
potential energy of, 218 
Avogadro’s figure, 81, 83, 228 
Azimuth, definition of, 185 
Azimuth effect, 187 
Azimuth error, 185, 186 
Azimuth stop, 186 

B 

Balance, lyophil, 138, 139 
Base exchange, 53,131,134 
adsorption, 127 
Bentonite, 217 
BodenkOrperr^el, 56, 157 
Body, total energy of, 33 
Boedecker’s formula, 123 
Boiling point, increase in, 81 
BoltzmanU'Maxwdl, law of eneigy 
distribution, 16 
Bonds, chemical, 191 
Boyle-Mariotte, gas law of, 139 
Brownian molecular motion, 184 
rotary component of, 217, 231 


Brownian molecular motion, theory 
from a molecular-kinetic point 
of view, 78 

translatory component of, 217 
Brownian movement, 3, 11, 79 
cause for, 77 
and diffusion, 79 
electrokinetic influence of, 76 
of gold particles, 15 
kinetic energy of, 221 
kinetics of, 85 
rotary component of, 230 
velocity of, 176 

Building elements, highly difform, 
206 

C 

Capillary-active substances, 116 
concentration of, in surface, 117 
Capillary activity, 131 
reduction of, 116 
Capillary chemistry, 114 
Capillary condensation, 124 
Capillary electric phenomena, 89, 
115 

Capillary forces, 124 
Capillary gel, 214 
^Capillary-inactive substance, 116 
Capillary-n^ative substance, 116 
Capillary phenomena, 114 
Capillary physics, 114 
Capillary-positive substance, 116 
Capillary viscosimeter, 181 
Carbon, activated, 124, 125, 131 
Cardioid condenser, 268 
Catalysis, heterogeneous, 49, 149 
Catalyst poison, 146 
Catalyiiic reaction, poison of, 145 
Cataphoresis, 6, 89 
Cataphoretic rate of migration, 231 
Cellulose molecule, different meth¬ 
ods of picturing, 256 
Changes, inner, in colloidal systems, 
173 

Charcoal, 124 

Charge, influence on hydration, 175 
reveisal, 106 
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Chemical equilibrium, heterogene¬ 
ous, 132 

Chemosorption, 108, 119, 129, 132 
Cholesteric forms, 203 
Clay, acid, 129 
Coacervation, 170, 171, 222 
complex, 171 
Coagel, definition of, 29 
Coagula, lyophobic, peptization of, 
154 

Coagulation, 45,46,97,167,168,174 
by addition of electrolj'te, 168,174 
effect, 173 

by electric waves, 174 
electrical, 168, 171 
equilibrium phenomena, 175 
fractional, 175, 242 
mechanic^, 168,171, 174 
of monodisperse systems, 242 
ortholdnetic, 54, 157 
by particles of opposite charge, 
174 

phenomenon of, 54 
of polydisperse systems, 242 
by radiant energy, 168, 173, 174 
rapid, 241 
rate of, 173, 241 
slow, 2^ 
thermal, 168, 172 
Cohesion forces, 46 
CoUoides hydrophiles, 19 
Colloids, 7 
adsorption of, 134 
denaturation in interfaces, 172 
diffusivity of, 18 
electric properties of, 6 
hydrophilic, 104 
concentration of, 170 
dissolution of, 154 
electrodialysis of, 170 
purification of, 170 
hydrophobic, 104 
irreversible, 19 
^ isostable, 171 
lyophilic, 179 
molecular, 194 

nonsolvated, osmotic pressure c^, 
228 


Colloids, optics of, 182 
oxidation of in interface, 172 
reversible, 19 
stability of, 148 
stoichiometry of, 50 
Complex salts, theory of, 38 
Compoimds, apolar, 193 
homopolar, 193 
stereoisometric, 38 
Concentration gradient, 79, 227 
Condensation, methods of, 59 
processes of, 68 

Condenser, dark field, 183, 184 
cell for use with, 260 
light field, 182 
Constant-valency law, 50 
Continuity, definition of, 30 
Coppet-Tammann, crystallization 
theory of, 73 
Coulomb’s law, 192 
Coulomb’s repukion forces, 211 
Creaming, 173 
Crystallization, rate of, 72 
Crystalloids, 7 
diffusivity of, 18 
Crystallosol, 27 
Crystals, dissolution of, 162 
growth of, 71, 167 
ionic composition of, 52 
liquid, 39 

mosaic-structure theory of, 53 
seed, 71 

surface of colloidal, 52 
x-ray analysis of, 52 
Cybotactic condition, 205 
Cybotactic group, 205 
Cybotactic orientation, 205 

D 

Dark-field illumination, 182 
Debye-Hiickel theory, 223 
Debye-Scherrer method, 252 
Density isotherm, 123 
Depolarization and particles size, 
188 

Destabilization, 152 
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Development, historical, of colloidal 
science, 1, 25, 43 
Dialysis, 8, 9 
Dielectric constant, 127 
Difformation, definition of, 34 
function, 43, 44 
Diffusion, 78, 227 
rate of, 44, 78 

coefficient, 44, 45, 78, 79, 81, 227 
and partide size, 227 
Diffusivity, definition of, 78 
of colloids, 18 
Dilatancy, ^5 

Dimensions, amicronic, definition of, 
183 

Dipole, 103,105, 198 
electric, 193 
permanent, 198 
Dipole moment, 192 
Discharge, second zone of, 102 
Discontinuity, colloidal, 32 
corpuscular, 32 
definition of, 30 . 
intermediate, 32 
linear, 33 

medium building units of, 32 
planar, 33 
points of, 33 
specific, 33 
stereometric, 32 
Disorder, ideal law of, 79 
Dii^rse-part rule, 157 
Dispersion degree, chemical func¬ 
tion of, 49 

medium, infiuence on adsorption, 
131 

methods, 59 
chemical, 67 
physical functions of, 44 
Dispersions, 43, 44, 154 
anal 3 rtical, 33 

coarse, sedimentation volume of, 
210 

colloidal, heten^eneily of, 18 
osmotic pressure of, 81 
stability of, 46 
viscous flow of, 178 


Dispersions, corpuscidar, 33 
covering power of, 48 
fibrillar, 33 
laminar, 33 
mechanical, 67 
by radiant energy, 68 
types of, 60 

Dispersoids, concentration, variable, 
29 

hetero-, 29 
highly solvated, 29 
iso-, 29 

poorly solvatized, 29 
temperature variable, 29 
Displacement, average, 87 
definition of, 85 
probability of, 86, 227, 229 
Dissolution, 167, 173 
Distribution, 59 
systematology of, 41 
Donnan equilibrium, 81, 108, 110, 
113, 128, 164, 228 
significance of, 112 
Double layer, 113 
development of theory, 91 
diffuse, electric, thickness of, 101, 
107 

formation of, 98 
Gouy's theory of, 93 
Gouy-Freimdlich theory of, 100 
as hydrated shell, 103 
Helmholtz theory of, 94 
mixed, 108 
preexisting, 107 
thickness of, 231 
Double reaction, 70 
Dye acid, formation of, 110 
Dyes, colorless, 261 

E 

Einstdn-Smoluchowski equation, 45 
Einstein-Hatschek equation, 177 
Eisenschitz's viscosity equation, 244 
Electric double layer, diffuse, 107 
formation of, 107 
distortion of, 106 
thickness of, 101,107 
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Electric equilibrium, retaining of, 
110 

Electrical methods, 59 
Electrical processes, 70 
Electrodecantation, 170 
Electroendosmosis, 6 
Electrokinetic phenomena, applica¬ 
tion to biology and medicine, 112 
Electrokinetic potential, 91,113,231 
Electrolyte activity, 169, 223 
colloidal, 110 

Electrolytes, polyvalent, 102 
Electromagnetic field, disturbance 
of, 245 

Electron diffraction, 135, 269 
use of, 39 

Electrons, configuration of, 190 
photoelectric effect of, 49 
Electroosmosis, 90 
Electrophoresis, 55, 113 
Electroviscous effect, 178, 243 
Element, ultimate building, 32 
Elements, radioactive, adsorption 
of, 133 

Emulgator, 65 
Emulsification, 65, 137 
study of, by fluorescent-light 
microscopy, 263 
Emulsifier, 65 
Emulsions, colloidal, 28 
submicroscopic, ^5 
Energies, interfacial, preferential 
areas of, 130 

Energy, boundary, 33,114 
discontinuity of, 33 
inner, 33 

law of least free, 191 
potential, theory of, 198 
EucoUoid, 29,194, 201, 206 
Eudispersoids, 29 
Exchange adsorption, 127 
Expansion, intramicellar, 165 

F 

Factors, stereometric, 38 
Fajans-Hahn law, 100,101,133 
Faraday cage, 135 
Faraday^s law, 55 


Faraday-Tyndall cone, 5, 6 
intensity of, 187 

Faraday<*Tyndall light, polarization 
of, 187 

Faraday-Tyndall phenomenon, 21, 
182 

Fiber diagram, 252, 253, 254 
nber structure, simple, 254 
Fick's law of diffusion, 78 
Fields, boimdary, 321 
Filament formation, 224 
Films, coherent structure of, 224 
monomolecular, 147 
self-supporting, solid, formation 
of, 224 

structural alignment of, 187 
Flock, definition of, 102 
Fluctuation number, definition of, 88 
Fluctuation velocity, definition of, 
88 

Fluorescence, 261 
Fluorochrome, 261 
Foam, 120 
of beer, 121 
of milk, 121 
stability of, 120 
Foams, solid, 214 

Forces, acting on a static pendant 
drop, analysis of, 232 
Freezing point, reduction, 81 

G 

Galton board, 86 

Gas, ideal, two dimensional, 138 

Gas constant, 228 

Gauss error curve, 229 

Gay-Lussac, laws of, 55, 157 

G^enion, 170 

Gelatin, dried, x-ray pattern of, 258 
Gelation, 213 
theory of, 216 
Gels, 28 
d^nildon of, 27 
structures of, 213 
thixotropic, 97 
Gibbs’s formula, 237 
Gibbs’s phase rule, 20, 22,37 



288 


COLLOIDAL PHENOMENA 


Gibbs's theory, 117 
Gibbs-Thomson theorem, 120 
Glass, gold-ruby, 2 
e potential of, 95 
potential of, 96 
Gold, colloidal, 3, 5 
dichroic, 10 

drinkable {aurum poiabile)^ 2 
Gold figure, 151 

Gold layer, photoelectric effect of, 49 
Gouy's difPuse-double-layer theory, 
231 

H 

Halley's hypsometric (barometer) 
formula, 83, 229 
Hardness, 48 
Hardy color analyzer, 272 
Hardy-Harkins rule of least abrupt 
change, 108,122, 137, 140 
Hardy-Schulze valency rule, 101, 
168 

Heat wave, 245 
Helmholtz double layer, 91 
Helmholtz theory, 231 
HemicoUoid, 194 
Heterogeneity, concept of, 55 
Hilgert photometer, 272 
Hoff, van't, laws, 22, 54, 55, 83, 88 
Hofmeister, ionic series, 96,132,134 
Homogeneity, concept of, 55 
Homogenizer, 65 
Honeycomb structure, 214 
Hydration, 127 
influence of charge, 175 
Hydrogen bentonite, coacervation of, 
171 

Hydrogen day, 129 
Hydrolysis, 70 
Hydrosol, 19, 27 

Hypsometric (barometer) formula, 
229 

I 

Illumination, vertical, 267 
Insulators, electric, breakdown of, 
48 

Intensity factor, 33 


Interface, oriented adsorption in, 
122 

study of, 31 

Interference, reinforcement by, 248 
Interference bands, width of, 253 
Intermicellar space, 207 
Ion, colloidal, 55 
compensating adsorption of, 52 
dominating, 109 
exchange, 107 
complete, 133 
reaction, 127, 129, 131 
formation of, 192 
opposite, 170 
Ion adsorption, 107, 127 
Ionic substitution, 133 
Isoelectric point, 97, 102 
swelling minimum at, 164 
Iso(mono-)-disperse sol, 70 
Isotopes, formation of, 190 

K 

Kinetics, influence of gravity on, 82 
Kroeker's relationship, 159 
Blryosol, 27 

L 

Laminar molecules, 29 
Lange, colorimeter, 272 
Lattice, atomic, 195 
ionic, 195 
molecular, 201 
statistical, 169 
Lattice plane, 247 
Layer, inner, 105 
interfacial thickness of, 136 
monoionic, 105 
lieberkflhn's mirror, 267 
Liesegang rings, 80 
Liquid crystal, 204 
structure of, 270 

Liquid-gas system, adsorption in, 
120 

Liquid-liquid system, 121 
Liquids, study of dif^ive power of, 

6 
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Lyogel, 160, 162, 214 
Lyosol, 27 

Lyosorption, 126, 127, 214 
Lyosphere, 126, 211, 212 
thickness of, 126, 134 
Lyotropic series, 132 
Lysalbinic acid, protective action 
of, 150 

M 

Macromolecular compound, 194, 201 
Macromolecules, 206 
Marc’s law, 133 

Matter, analytical discontinuity of, 
31 

coarse discontinuity of, 31 
discrete continuity of, 32 
discrete discontinuity of, 31 
disperse state of, 19, 24 
form and shape, 38 
heterogeneity of, 19 
obvious discontinuity of, 31 
Maxwell’s law of velocity distribu¬ 
tion, 86 

Mechanical processes, 61 
Membrane, haptogen, 3 
Membrane hydrolysis, definition of, 
110 

Mesomorphic state, 203 
Mesomorphic system, 204 
forces causing, 205 
Mesophase, 204 
MiceUe, colloidal, 104 
Micromanipulation, 266 
Microphotographic equipment, 270 
Microscope, substage of, 182 
Microscopic particles, adhesion of 
on walls, 134 

Microscopy, fluorescent lighl^ 261 
Microspectrograph, 263 
Migration, cataphoretic, rate of, 92 
Mill, ball, 61 
Block, 63 
China, 62 
Colloid, 62 
Cyclone, 63 
Disk, 62 


Mill, HurreU, 63 
Kek, 63 

Manton-Gaulin, 63 
Oderbei^, 63 
Passburg, 63 
Pebble, 61 
Plauson, 62 
Premier, 63 
Summer, 63 
Models, molecular, 193 
Modification, allotropic, 10 
Molecules, actual, 16 
allotropic, 11 
anisodimensional, 193 
chainlike structure of, 179 
chemical definition of, 75 
distribution and orientation of, 
147 

fibrillar, 193 
formation of, 192 
isodimensional, 193 
kinetic energy of, 78 
lammar, 193 
main-valency chain, 202 
normal, 11 

physical, definition of, 75 
polar, nature of, 198 
structural orientation in liquids, 
114 

thermal movement of, 75 
Montmorillonite, 217 
Morphological considerations, im¬ 
portance of, 40 
Morphology, 38 

Motion, Brownian, importance of, 
76 

molecular, 3, 11, 16, 27, 77, 78, 
83 

rotary component, 87 
theory of, 44 

translatory component, 87 
N 

Nematic state, 303 
Nemst potenthd, 94 
Network structure, 214 
Nuclei formation, rate of, 72 
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0 

Oils, hydrogenation of, 146 
Oleosol, 27 
Opacity, 47 

Optics in colloid chemistry and 
physics, 259 
Ore flotation, 121, 137 
Organic compounds, high molecular, 
61 

Organosol, 27 

Orientation, molecular, of fatty-acid 
films, 193 
rate of, 73,167 
Osmosis, 113 

Osmotic pressure, 78, 80, 81, 228 
Oxidation processes, 69 

P 

Paper, adsorptive properties of, 42 
Part dispersed, influence of peptiza¬ 
tion, 156 

Particle shape, influence of, 176, 208 
Particle size, apparent, 176 
determination of, by scattering 
in the near infrared, 264 
distribution, 207 
anal]^ of, 159 
curve of, 155,159, 264 
Particle surface, active area in, 98 
inactive area in, 98 
Particles, Brownian motion of, 180 
charge of, 113 
cohesion between, 197 
colloidal, diffusivity of, 78 
Helmholtz electrical double 
layer of, 92 
kinetics of, 75 

as noncoherent molecules, 16 
velocity of, 75 
corpuscular, 30 
disperse, diflusion of, 227 
sedimentation equilibrium of, 
45 

displacement of, 85 
In Brownian motion, 230 * 


Particles, distribution of, measure¬ 
ment of, 83 

geometrical alignment of, 224 
microscopic, adhesiveness of on 
walls, 168 

nonspherical, frictional resistance 
of, 177 

primary colloidal, 206 
repulsion of, 165 
secondary, 168 
colloidal, 206 
Peachey process, 70 
Peptizability, optimum of, 156 
Peptization, 8, 60,154 
curve of, 155 

by electrolyte adsorption, 159 
rate of, 159 

velocity curve, lyophilic s 3 rstems 
of, 160 

Peptizing agent, 60, 71 
concentration of, 155 
Periodic changes, frequency of, 23 
Permutite, 127,133 
base exchange of, 127 
Perrin atmosphere, 83 
reversed, 83 
Phase rule, 55 

Phenomena, colloidal, concept of, 
192 

Photoelectric effect, 49 
Photolometer, 272 
Photometer eyepiece, 263 
Physicochemistry, classical laws of, 
54 

Pigments, coloring power of, 48 
Plasticity, 181 

determination by falling-ball 
method, 181 

Platinum, photoelectric effect of 
layers, 49 

Polar adsorption, 107 
Polar substances, 192 
Polarized light, use of, 270 
Polydisperse sols, 70 
Polydisperse systems, coagulation 
of, ^ 

Porous medium, 124 
Potential, oritioal, 159 
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Potential, electrokinetic, 94, 95, 243 
fall, 90 

galvanic, 94, 95 
thermodynamic, 94, 95 
Potential curves, appHcation of, 219 
Potential flow, definition of, 90 
through capillaries, 105 
Potential gradient, 92 
Precipitation, von Weimam’s law 
of, 72 

Pressure isotherm, 123 
Primary aggregates, 190 
Primary particles, 41 
spatial distribution of, 207 
Primary valency-chain liulmges, 195 
Properties, colloidal, chemical view¬ 
point of, 109 

physical viewpoint of, 109 
mechanical, 176 

Protalbixiic acid, protective action 
of, 150 

Protection, colloidal, mechanism of, 
148 

S 3 rBtems and sensitization of, 
148 

Protective colloids, 71, 73, 148, 167 
Protons, configuration of, 190 
Pseudo solution, 4, 5, 6, 11,12 
Pyrosol, 27 

Q 

Quadrupole, 198 
Quantity, peptized, 155 
^artz, piezoelectric, 66 

R 

Radiation, ultraviolet, 246 
Recrystallization, 167 
Reduction methods, 69 
Reflection, fundamental law of, 248 
Reflection disk, 183 
Repulsion forces, 197 
potential energy of, 218 
Repulsive energy, 219' 

Repulsive forces, interaction of, 181 
Resistance, frictional, 227 


Revertex process, 150 
Rheopexy, 225 

Ring diagram, amorphous, 253 
Ropiness, 181 

Rotation viscosimeter, 181, 182 
Rubber, frozen, 253 
latex, 150 
scum of, 141 

ultimate building unit of, 53 
Ruby figure, 151 
Rule of dispersed amount, 56 

S 

Sand beds, adsorptive properties of, 
42 

Sedimentation, 173 
rate of, 176, 229 

Sedimentation equilibrium, 82, 83, 
84, 85, 176, 228 
Sedimentation velocity, 84, 85 
Sedimentation volume, 126 
Sedimentation volumes, factors in¬ 
fluencing, 212 

Selected plane, method of, 233 
Sensibilization, 152 
Sensitization, 152 
Series, ionic (Hofmeister), 96 
irr^ular, 97 
Shape factor, 231 
Silica gel, 12^ 125 
Sflicic add, colloidal, 3 
Siloxen, 133 

Silver, allotropic forms of, 9 
chloride, colloidal sol, 4 
colloidal, 9,10 

photoelectric effect of layers, 49 
Slit ultramicroscope, 182, 183, 185, 
186 

partide-size determination with, 
259 

Smectic state, 203, 204 
^ap jellies, 185 
Soap solution, aging of, 237 
Sol-gel transformation, isothermal, 
218,222 

Sols, coUoidal as statistical mixed 
crystal, 169 
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Sols, definition of, 27 
elasticity of fiow of, 178 
electrocratic, definition ofr28 
hydrocratic, definition of, 28 . 
hydrophilic, 28 
hydrophobic, 28 
lyocratic, 28 
lyophilic, 28 
lyophobic, 28 
oiganocratic, 28 
organophilic, 28 
oi^nophobic, 28 
soUd,27 

temperature variable, 173 
Solubility, partial, 123 
Solution capacity, 154, 155 
Solutions, colloidal, 19, 20 

electrochemical behavior, 55 
gold, 14 

heterogeneity of, 13 
ciystalloidal, 12, 21 
dispersrvity, 154, 159 
homogeneity of crystalloidal, 21 
intensity, 154 
molecular, 20 
true, 20 

SolvaW hull, 129 
influence of, 168 
thickness of, 169 
Solvated layer, 211 
Solvation, 127 

of colloidal systems, eiectrokinetic 
potential of, 104 
Solvation theory, 178 
Solvent recovery, 125 
Specific weight, apparent, 260 
Spectroscopy, infrared and colloids, 
163 

Spectrum, x-ray, range of, 246 
l^ierer condenserj 268 
Stability, of colloidal dispersions and 
potential, 106 

influence of hydration on, 103 ‘ 
State, of matter, colloid disperse, 
24,35,43 
colloidal, 114 

heterogeneous theory of, 11 
peculiarity of, 43 


Stokes'law, 85, 176, 243 \ . 
Stream double refraction, 181, 188 
Stream potential, 90,113 ., 

Structure, disperse, 22. 

of secon^ry order,' definition 
of, 41 

fibrous, synthetic, .257 
honeycomblike, 165 
spongoid or reticular, 214 
weblike, 165 

Substances, heteropolar, 127, 192 
Surface, aging of, 147 
boundary, 32 . . 

development of, 114 
electrical relations at, 147 
external, 130 

first order, definition of, 130 
interfacial tension, 146 
internal, 130 
second order, 130 
specific, 21 
third order, 130 
Surface concentration, 117 
Surface energy, free, 114,115 
minimum of, 116 
Surface dissociation, 108 . 

Surface films, 138 
Surface ion, separation of, 108 
Surface microtome, 118 
Surface phenomena, 114 
influence of viscosity on measure¬ 
ments, 147 

Surface reactions, mass-action law 
of, 241 

Surface tension, 115 
and adsorption, 131 
capillary-rise method, 232 
change of drop shape with age, 
237 

drop-weight method, 232 
Freundlich’s empirical formula 
for, 238 

of liquids, definition of, 116 . 
measurements, 115, 231 
method of p^dtgit drop, 236 
method of plane of inflection, 233 
reduction, 116 ^ ; 

ring method, 232 
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Surface tension, systems of low, 116 
Suspensions, coarse, 126 
mechanical, 20 
Swelling, 160 
intermicellar, 163 
intramiceUar, 163 
limited, 160 
. pressure, 163 
unlimited, 160 
Synaeresis, 222 . 

Systems, analytical diftorm, defini¬ 
tion of, 34 . ■ 

colloidal, 81> ' ♦* 
aging of, 74 
destruction of, 168 
difform, definition of, 34 
electrical properties of, 89 
importance of ^lape in, 39 
morphological systematology of, 
40 

optics of, 176 
osmotic pr^5sure of ^ 228 
preferential orientation of, 187 
production of, 69 
cloudy, 66 

concentration variable, 169 
corpuscular disperse, 39 
difform, 30i 34 . 

disperse, 69 
aging of, 62 
heterogeneous, 20 
isostable, 169 

electric equilibrium of, 128 
equilibrium, 63 
false body of, 216 
fibrillar disperse, 34 
heterogeneous, 19 

disperse, 34 

lyophilic, peptization velocity 
, curve of, 160 
mesophase, 2K)3 
monodisperse, 29, 67 
ooi^ulation of, 242 
monophase, 161 
multiphase, 19, 161 
nonequilibrium, 63 
polydisperse, 29, 166 
single phase, 160 


Systems,, solid-gas, 123 
solid-liquid, 126 
spumoid, 214 
temperature variable, 169 
total energy variation of, 219 

T 

Tactoid, 210, 226 
orientation of, 270 
Tactosol, 210 

Tendon, x-ray pattern of^ 268 
Tension, interfacial, 31 
Terminology of colloids, 26 
Textiles, adsorptive properties of, 42 
Theory, allotropic, 11,13 
heterogeneous, 10 
kinetic gas, .11, 16 
micellar, 215 
solution, 13, 18 

Thixotropic gels, strength of; 217 
Thixotropy, 216, 222; 226 
Thread micelle, 29 
Thread molecule, 29 
Topochemical reaction, 133, 134 
Topochemical transformation, 133. 
Transparency, 48 
Traube’s law, 131 
Traube’s rule, 116 
Trihalogen siloxide, 133 
Turbidity, measurements of, 272 
mechanical, 66 

Twinkling phwiomenon, 184, 186, 
186 

U 

Ultracentrifuge, 84 
Ultramicroscope, 3, 13, 183 
Ultramicroscopy, 182 
Ulttasonic waves, dispersion by, 66 
emulsification by, 66 
Ultraviolet microscopy, 72 
Unsaturation, high potential of, 62 
Urea, synthesis of, 1 

V 

Valency, concept of, 191 
residual dectrostatic, 127 
Valency rule, Hardy-Schulze, 101 
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Vanadium pentoxide gel, 185 
Viscosity, 177 
coefficient of, 228 
determination of, 181 
Einstein’s equation, 243 
Hatschek’s equation, 243 
Staudinger’s equation, 243 
structural, 178 

of threadlike macromolecules, 243 
Vu vitalis, 1 
Vitreosol, 27 

W 

Waals, van der, attraction forces, 
199 

cohesion forces, 191 
forces, 46,141,142 
London-Kalmann theory, 219, 
222 

Water softening, 127 
Wave, dampened, 245 
ultrasonic, 173 
undampened, 245 

Wave-length transmission curve, 265 
Weimam, von, law of precipitation 
of, 23 
rule of, 73 


Wet grinding, 60 
Wetting, 147 
partial, 124 

X 

X rays, 39 

compensation by interference of, 
248 

diffraction anal 3 rsis of, 50 
diffraction pattern of, 189 
theory of, 244 
monochromatic, 248 
Xerogel, 162 

Y 

Yield point, 27, 29,179, 180 
Z 

I potential, 91,156 
changes of, 106 
critical value of, 156,171 
Gouy-PVeimdlich theory of, 94 
influence of electrolyte on, 96 
Zeolite, 127 

base exchange of, 107, 127 








